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Mean Absolute Value and Standard Deviation of the Phase 
of a Constant Vector Plus a Rayleigh-Distributed 


Vector 


J. Ralph Johler and Lillie C. Walters 


The mean absolute value of the phase and the standard deviation of the phase of a 
constant vector plus a Rayleigh-distributed vector are determined by an evaluation of the 
first and second moment integrals of the probability distribution for various values of average 


relative intensity of the random Rayleigh-distributed component 


The results of a quadra- 


ture evaluation of the integrals are tabulated over a wide range of values of average relative 


intensity 20.010 to 1,000) 


1. Introduction to the Problem 


Let y(t) be a random vector whose amplitude, 
(t)|, is Rayleigh distributed in time and whose 
amplitude, /\(f), and phase angle, Arg /\(f), are 
independently distributed. Rice [1]! has introduced 
the concept of a constant vector, /, plus a randomly 
distributed vector, /,(¢), to describe electric currents 
or electric fields, A(t)—/,+ F(t), subject to various 
natural fluctuations. Norton has presented tables of 
the cumulative distribution [2] of the amplitude, 
/(t)\, and its phase [3], Q= Arg £(t), with the relative 
intensity, A°— #,? #,?, as a parameter, where |, 
is the root mean square value of the amplitude |/,(f)). 
In connection with some recent studies of ionosphere 
roughness, Norton [4] obtained the following proba- 
bilitv density function * of the phase, p(Q2), by inte- 
grating over the joint probability distribution given 
by Rice [1] with respect to amplitude, /, the time 
derivative of the amplitude, /’, and the time deriva- 
tive of the phase, Q’: 
exp(—1/k*) (1) 


or p(2 l-+- ymr2zexp(2?) [l+erf(z)] 


W here 
I: 


The phase fluctuations are especially important in 
the performance evaluation of radio navigation and 
phase modulation svstems since the behavior of such 
systems is dependent upon the behavior of the argu- 
ment or phase, 2, of the vector, /(f). 

The determination of the mean absolute value, 
{ arg /(f), and the corresponding 
standard deviation, og, of a constant vector, plus a 
Ravleigh-distributed vector, /(?), by an evaluation 
of the first and second moment integrals of the proba- 
bilitv density function, p(Q), for various values of the 
random Ravyleigh-distributed component of average 
relative intensity, k?, is the object of this paper. 


rr 


2), of the phase, 2 


ndicate the literature references at the end of this paper 
that H. Bremmer has independently derived the expres 
munication 


Figures in brackets 
2 It isof interest to note 
sion for pov private « 


2. Theory 


The evaluation of the mean absolute value, |2), of 
the vector argument or “phase,” ®, and the corre- 
sponding variance, o9?, integrals, 

Q 2| 2 p(Q) dQ, 


oo? 2| 0? p(Q) dQ, 


| as a function of & is the prime task of this paper 


The probability density function, p(Q), is symmetric 
about zero, 2=0, and hence the mean, Q, is zero. 
The probability distribution, p(Q), involves the error 


function, 
») %2 


| ( “du, 


ae 0 


erf (2) 
\ 7 


which can be evaluated by the following convergent 


2 23 25 ad 
ak 32157 3!7 i | 


It is frequently more efficient for large values of <, 
(2 >1) to use the asymptotic expansion for real 
values of 2, 


: | . 
| —erf(z) exp(—z*) | 1 
lyr 


SeTLes: 


erf(2 


The mean absolute value, (2), and the variance, 
o, integrals can be represented in the theory of 
Gaussian quadrature [5] as a finite sum, 
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— | i 
Q exp 1 /k?) Op Q)dQ 
T J0 
l -_ 
exp L/k? > > W, QnPo( 2 €y Ss 
T m=) 


exp (—1/k?) 3) W297, po(Qn)+e’u, (9 


where év and e’ are error terms which can in veneral 
be made arbitrarily small by increasing 7, 


1 /k?) p(Q), 10 


2r exo 


0 iO, QO |r. 4 1O.-+-@ | 11 


0, are the upper and lower 
respectively. The welght 
from the limits of 


and where Q,— 7, and Q 
limits of integration, 
functions can be determined 
Integration, 


W,,. == (2,—2,)H 12 


Thus, the integer, J, and the limits of integration, 
,., @,, determine the particular values of the inte- 
grand to be calculated in the quadrature. The 
“universal” constants of the theory of Gaussian 
quadrature, /7,,, 2,, can be determined for any 
given f(r) and various 17, 


*! Vl 
fin\dr= S35 H,, f(a, 6: 
e n=] 
The abscissas, Pen, are the roots of the Legendre 


polynomials defined by, 


d” 
jm r?—1)"—2"m!P,, (a 0 
da 
Pita l 
Pla / 
3 | 
) 8 
P,(2)=3 2—! 
> 5 ’ 
P(g =a = 2 
a) Ld 
Pa I a aed 
Ss } Ss 


Polynomials of higher degree are determined by use 


of the recursion formula, 


(m+1)Py+)(2)+mP,,_1(2) 2m+1)rP,,(a (). 


The weight coefficients, //,, can be determined 


from the roots, 


») 


(] I» [P’, Zz. 2 


16 


H, 


Since the available weights, /7,,, and abscissas, .r,,, 
are limited [6], (\/=48), it is quite possible for very 
precise work to split each integral somewhat arbi- 
trarily but consistent with efficiency, 


|. f(Q)deQ 


f(Q)dQ+4 ~ f( Qe 


+ — f(Qde+ .. 4 f(Qyda, 7 

ev 2 ; oe 32 
where 2° =Q,, and a specified number of intervals, 
1, 2, 3 . has been selected with limits of 
integration, 2,, 2°?, 2? 2%, .2,. Each integral 


is evaluated by the previously described quadrature 
S. 9) with the abscissas and weights (.1/=—48 


3. Computation 


The first and second moment integrals, |2 and 
o.”, were evaluated between the limits, @,— 0. 
0,7, employing the (.\/—48) Gaussian abscissas, 
r,, and weights, /7/,,, for values of average relative 
intensity, 4°, between 0.01 and 1,000 of the random 
Ravleigh distributed component 
theory of Gaussian quadrature, this integration 
is equivalent to fitting a polynomial of degree 
2m—1—95 at 48 points, to the integrand, which 
points are weighted according to prey iously described 
rules (12) at the particular values of phase, Q=@,,(11 

The integration was checked at values, ?—0.01. 
0.1, 1, 10, 100 and 1,000, by splitting the integral into 


two integrals, Q,—0, Q)}===) Q,—7, n=2, (17). The 


maximum difference between the value of either @ 
or oy obtained in this way (17) and that obtained with 
a single integral (9) was +1 in the eighth significant 
figure. There are indications. that the last two 
significant figures could possible be in error in certain 
instances. This is probably due to the electronic 
data processing method * rather than the quadra- 
ture. The results of the computation are illustrated 
in figure | and are presented in table 1! 


1. BM. 650-407-E. DP. machine 
‘TI nteger to the right of each table ent f present, indicates tl 


According to the 
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“IGURE 1 Vean absolute value, 2, and standard deviation, ag, as a function of the average relative intensity, k2. of the random 
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TABLE | 

o rT) a rT o a ?; 

(lia uiians radians radians radians radians radians radians 
ole 5. 6513005 -2 7. USSOHHS —2 oO 090 1. 7204704 -1 2 I7ASH36H -1 oos0 5. TO5LTO7 -1 7. M4080 1 7.0 1. LSTSUS6 1. 4851373 
oll 5. W2S1S02 -2 7. 4368405 -2 Ovi 1. 7403579 -1 2. ISSHS06 - 1 sl 5. SOISY27 1 7. WO2Z2010 -1 i. 1 lL. Mola 1. 4878157 
ole 6. 1Y2404u -2 7. T695630, -2 wv2 1. 7401916 -1 2. 201340 -1 x2 5 SSS2350 — 1 7. 497140 -1 ‘7.2 1. 128335 1. 4404390 
ole 6. 273703 -2 Ss. HUB3250 -2 aus 1. 7604134 1 2. 2301945 —] Ss) 5. U4508S0 -] Ss. OSSTSU0 - 1 1.0 1. 17050sS0 1. 44700540 
u20)=—«S OOSOTER -2 1. OOS125: l 1 1. 8172472 -1 2 3012770 -1 a 6. 1162274 -1 S. SOUSTUS ~1 sO 1. TS2600s8 1. 4500450 
021 Ss. 20MH405 —2 1 Os021 l 11 1. gouueOT 1 2. 4221559 -1 91 6. 1494579 -1 S. S51USS0 -1 s 1 1, IS48840 1. 4618454 
22 S 3008053 —2 ] 1 12 1. WuuzUsS? - 1 2 5308404 -1 “2 H ISZ3008 —1 Ss. SUSYUSu0 — 1 8. 2 1. IST 1207 lL. 4640060 
025 8, G586344 -2 | l 15 2. 2508374 -1 2. S740S28 - 1 Ws 6. 2792124 -1 Ss. 51722500) - 1 s 1. 1436018 1. 4702620 
030 YY SZZB1S0 -2 1. 23428st l m0) 2. 8320086 -1 3. 4032320 -1 L 6H. 4346186 -1 S. 7133700 -1 “0 L. 2037103 1. 4740901 
O31 ¥. YS 1H 2 1. 2AM027 l 21 2. TO53S8T72 -1 4. MISNL07 -1 11 6. 7247370 1 4. 0744185 -1 + | 1. 2050304 1. 4818308 
O32 L ob4sooo -1 1. 275452 l »~ 2 7767192 -1 , WOTTSOU -1 1.2 6. WUO2SS4 - 1 4. 34U420S80 -1 Wy 2 1. 2O7 A823 1. 48360505 
3s 1 O6TSH61 -1 1. 3344834 -1 25 2. US4s8400 -1 $ WOSSIOH -1 @. 7. HOS2049 -1 1. O205470 4 1. 2180470 1. 4880462 
40 1. 1361951 ! l 241103 -1 it) $. 3147043 -1 1 3425000 1 2.0 S, SIVHHZS -1 1. LIT 455 10 1. 2217077 ! 
41 L L514 -1 1. 4472022 -1 31 3. 3783084 -1 1 4sHS226 1 2. 1 8S. H5WN590 —1 1. 1331300 1 1. 2372044 l 
42 lL. leaenyo 1 1. 4652006 -1 $2 $. 4414045 -1 1 57Y2448 -1 y S. 7TH25345 -1 1. 477455 12 1. 2500046 l 
45 1, 2061991 -1 1 SIMO -1 $5 3. 02586605 —1 1 S517326 -1 2. § 4. 1498336 -1 1. ISOS 1 1. 2830835 1. 5558026 
OM) 1. 2720018 -1 1. 6022582 -1 Hw) 4. Ylygou2 -1 5 Ue412s0 -1 4.0 4. H399ZN5 —1 1. 2380014 2 L. 8212337 1. 9007350 
O51 1. 2854091 - 1 L olSs6eG00 —1 41 $. WTH7T434 1 5. SH72815 -1 | ¥. 7254727 -1 1. 24800052 21 1. 3271108 1. SWO17 4 
Ted 1, JUS2ZTSS l 1 O340168 -1 42 10820502 -1 $405255 -1 $2 4. SOT5SLS7 l 1, 2400181 22 1. 3420074 1. HOLZSS6 
O55 1 3350414 -1 1 HS2S6H06 -1 4. 1Y7S140 - 1 » HSSSAS5 — 1 . 2 1. 0034854 1. 2803230 25 1. 3470845 1. 6145548 
on 1. SUHOGNt l 1. 72361 -1 “) 1. 4¢4)4800 -1 6. 0604350 -1 0 1. 0361770 1. 3140005 +) i, 3602719 L Os2L174 
ool 1. 4084030 -1 1. 7753042 -1 a 4. 5112729 -1 6. 1388105 -1 4.1 1. 0420045 L. $200272 $1 1. 60402 1 us51o74 
w62 1, 4202581 -1 1. THO3826 —1 2 4. WL4ASSS -1 6. 2101680 -1 4.2 1. O477624 1, 3258374 $2 1. 3726740 1. O37U555 
ms 1. 4550827 -1 L SS4scu4 -1 : 1 7OSSO08 —1 6. 4182710 -1 e. 1, OOSS134 1. 3421326 $5 1. 3812409 L. 045751 
7 1, 5113924 -1 1. GOH42038 -1 ww) 4440251 -1 6. 7400015 -1 1 1. OS75730 1. 3600625 Ww) 1. 3933403 L. OT 207 
O71 1. 522440 l 1 4210734 -1 Hl + USMY 1 6. SUSYSSS -1 l 1. OVI9YSTO 1. 3704336 41 1. 3054930 1. HOSHT7U 
O72 1. 5834169 -1 1. 9351423 -1 2 5. O3397H6 -1 6H. STOULSO -1 2 1. OYHTSS2 1. 3740814 2 1. 875702 1. Wi 5SY0 
are L WAY41Y -1 1 u7HsS590 -1 5 5. 1658413 -1 7. 0517715 l 1. LOS2S832 1. 38607404 5 1. 403383- 1. 581438 
Th 1 HTS8608 —] 2 o44s8001 -1 70 5. 3763008 -1 7. 8371715 -1 60 1, 1265439 1. 4048374 W 1. 4118041 L. OF 34027 
isl 1. 6292752 -1 2. 0582473 -1 71 5. 4170585 -1 7. 8919745 -1 ( 1. 12409446 1. 4081920 41 1 1. H748005 
Os? 1 6306238 -1 2 OT 1S6S0 -1 » 5. 4573767 -1 HO0535 -1 2 1. 432004 1. 4114604 V2 1 1. O702476 
uss 1. H70335 ] 2. 1111867 -1 a 75S2IS -1 7. 40820 -1 5 1. 1428021 1. 4208462 a 1, 4102255 1. HSO0U52 














TaBLe 1.— Continued | It is quite possible to estimate the entire proba- 
bility distribution from physical measurements of T 
7 a 2 a, the standard deviation or the mean absolute value 
radian radian radians racen of the phase with the aid of the table or figure 
ry’ ° . . . . 
This work therefore provides an analysis tool for the 
mm 1. 425277 1 OS5S8461 i) 1. 5143046 1. 74603 | f } ; | , ° ‘ : lj . _s ; 
61 1. 4268134 1. GSHO1O4 1101. SISO558 1 7652101 study of phase fluctuations in radio navigation and 
62 1. 4279704 1. GSTOFAS $20 1. 5157220 1. 7657947 . nei A, 
S| Se woos | oa oe phase modulation systems. 
1. 4363217 1. 6054337 uM) «1. 5208113 1. 7H98191 —— 
1. 4372656 1. GOH2TST 510 1. 5208079 1. 7702541 
ie 1. 4381002 1. 697 1060 520 1. 5212808 1. T7087 rrea ° : . F ; 
1 1408 1A} 1. HU04873 1) 1. AQHA 1. 7718738 Chis work Was suggested by IX. A. Norton and 
» wanes _— os | én eo performed under National Bureau of Standards 
7) OAS TOS152 TLE 24702 L. Fido 2 aaa anc rr . . 
SI 1. 4457283 1. 703844 610 1. 5250810 1. 7739007 Project S330-11-8332. The careful electronic com- 
av | 44645885 1. 7045237 “20 1. 524503 1. 77432002 = ‘ , 
S51 4486807 1. TOHENN2 650 1. 5265072 1 T7A245I puter work was developed by L. C. Walters. 
14520112 1. TOU5402 7), SQN114 1. 7766522 
M1 4527618 1. 7101201 7101. S2S4164 1. 7769152 
2 «1. 4534017 1. TlOHeO4 720) 1 SS7118 1. 7771734 3. References * 
1, 4552808 1. Thzsaeie 7501, 5205601 1. 7779157 
1) «1, ASST 1. 7149389 800) 1, 5308671 1. T7Q0585 [1] S. O. Rice, Properties of a sine wave plus random noise 
110 1. ABS SSN7 1. 719578 SIO 1, SST TTAS 1. 7792741 Bell System Tech. J. 27, 109 (1948 See especially 
120 1. 467942 1. 7236250) S201, 5313563 1. T79M4859 ‘a (4.6) p. 125 
15) 1, ATSTOIS 1. 7382182 R501, SS BOST 1. TSUN - _ eq 0) | -* ; 
{2} Kk. A. Norton, L. FE. Vogler, W. V. Mansfield, and P. J 
a0 | |. On us 440862 S00 | |. 5551406 1. 810506 Short, The probability distribution of the amplitude 
= week anda = aaaaare aie of a constant veetor plus a Ray leigh-distributed veetor 
2%) 1. 4904527 1 7514019 OM) 1. 5341480 1. TRIG263 Proce. IRE 43, 1354 (1955). 
(3) K. A. Norton, BE. L. Sehultz, and H. Yarbrough, The 
wh wo wun uw) SMT A 1 7827352 “¥° ° ° » 
4 . wnty a 1000 | 1. SBSOT8S eapiatas probability distribution of the phase of the resultant 
4) ROTTING 1 SANTHOO vector sum of a constant vector plus a Rayleigh- 
cM) 1. SLOT 1. TOLISY? distributed veetor, J. Appl. Phys. 23, 137 (1952 Note 
that & is a power ratio in this reference whereas in this 
paper k2 is the powel! ratio and & is a voltage ratio 
. : : [4] Private communication. 
4. Discussion and Conclusions [5] Z. Kopal, Numerical Analysis, p. 367 (John Wiley & Sons 





Inc., New York, N. Y., 1955 See also p. 347 
The problem formulated im this paper was the | (6) For tables of /,, and z,, see P. Davis and P. Rabinowitz 
(Absecissas and weights for Gaussian quadrature of hig 


evaluation of two integrals —the first’ and second order, J. Research NBS 56, 35 (1956) RP2645.) (.M 


moments of the probability distribution of the phase 64, S80, 96 are available although apparently un 
of a constant vector plus v Ravleigh-distributed published 4. 


vector These integrals were evaluated by an 
application of the theory of Gaussian quadrature and 
the results indicate that the method provides an 
efficient and precise solution to the problem BouLper, Coro., October 29, 1958, 
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Simple Rotating Molecular Still 


Gaylon S. Ross 


and Lois J. Frolen 


\ simple molecular still has been designed to purify materials which have a low vapor 


pressure and which are thermally unstable 


The apparatus contains no ground glass joints 


and the distillation is accomplished in a completely closed system. The efficieney of the 
still was found to be better than that for either the pot-type or the falling film-type molecular 


stills generally used. 

In recent vears a number of rotating evaporators 
and molecular stills that employ a mobile thin film 
have been developed. The rotating evaporators 
which have been deseribed are unsatisfactory as 
molecular stills because: (1) The joints which are 
required either leak, or if lubricated, may contami- 
nate the sample; and (2) they are not readily adapt- 
able to multiple stages. The mobie film molecular 
stills, while satisfving these objections are quite 
complex and even more expensive than the evapora- 
tors. 

The apparatus was designed to purify materials 
which have a low vapor pressure and which are 
thermally unstable at elevated temperatures. The 
apparatus is simple and inexpensive. After the glass 
assembly is made, all other components are usually 
available in the laboratory. It is free of all ground 
glass joints, can be extended to as many stages as 
desired, and can be designed to remove several 
fractions by collecting in more than 1 ampoule. 
The essential features of the apparatus are shown 
in figure 1. 

The method used is as follows: The sample is 
poured into bulb A while the unique axis ¥" the 
apparatus is in a vertical position with bulb A on 
the bottom. The entrance tube C is then sealed to 
a vacuum line, and the sample is degassed by alter- 
nately freezing and melting under continuous 
pumping. W hen the degassing is completed, yy 
is flame-sealed, and the apparatus is mounted in a 
nearly horizontal position on a rack ” nen ‘- 
figure 1. Two band clamps, D and J, beside the 
protruding rings, E and I, serve as ers and 
bearings for the apparatus. A rubber O-ring is 
mounted at TH and connected to the drive wheel of 
a motor which rotates the entire apparatus at 1 to 2 
rpm. A wide-mouthed Dewar flask containing liquid 
nitrogen or a slush of solid carbon dioxide in a 
suitable liquid Is placed under the collecting bulb F 


FIGuRE 1 Rotating molecular still, operating position A, F, 


hand clam ps ised as hearings; E. | i alining prot uMSIONS: H, 


aris inclined at ahout 10° in res pe ct to the horizon 


and an infrared lamp is placed several inches above 
bulb A. The lamp beats the thin film of liquid on 
the surface of the bulb. This has the advantages 
that the surface film of the sample is continually 
renewed and that the bulk of the liquid remains 
cool, thereby limiting thermal decomposition. The 
process is repeated by placing the Dewar flask with 
cooling bath under bulb K and the lamp above bulb 
F’. When the second stage of the process is com- 
pleted, the entire apparatus is clamped in the in- 
verted vertical position with ampoule M on the 
bottom. The frozen sample in bulb K is allowed to 
melt and flow into the breakoff tip, ampoule M. 
The residue in A and F is retained during this pour- 
ing process by the protruding ring seals at B and G. 
The sample is then frozen and the ampoule is flame- 
sealed at L. 

This apparatus is 5 to 100 times as rapid as the 
usual pot-tvpe molecular still. The rate can be con- 
trolled by adjusting the pressure in the system or by 
raising or lowering the heat source. Under normal 
operation the main body of the distilling sample is 
only a few degrees above room temperature. — If nee- 
essary, the film can be made much hotter by lower- 
ing the lamp, while at the same time the bulk of the 
liquid is maintained at or below room temperature 
by supplementary cooling. The efficiency of the 
apparatus, as shown by the removal of colored 
bodies, was higher than either the pot or falling-film 
tvpe of molecular stills generally used. 

The method has been used to remove colored im- 
purities and higher molecular-weight oxidation prod- 
ucts from fluore-, chloro-, bromo-, iodo-, methyl-, 
t-butvl-, and unsubstituted dimethvlanilines and the 
analogous anisoles. Also the purification of high- 
boiling residues from crude ethyldichlorobenzene 
stocks has been successfully achieved by using this 
technique. With the pot-tvpe still this same ma- 
terial could not be distilled. 


Q SV 
eg - 


) 
} 


K, 500 ml bulbs; C. entrance tube: B, G. annular rings; D, J, 
rubbes -ring; Ze sealing constriction, V. ampoule; V. motor: 


WASHINGTON, December 8, 1958. 
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Scintillation Counter Method of Intercomparing Neutron 
Source Strengths by Means of a Manganous Sulfate Bath 
Earl R. Mosburg, Jr. 


It has proved feasible to use a scintillation counter to measure the relative activity of 
a large manganous sulfate bath, thereby determining the neutron-emission rates of neutron 


sources relative to the national standard neutron source of the National 


ards 


Bureau of Stand- 


\ scintillation counter allows the calibration of sources weaker by a factor of seven 
than those it was previously possible to calibrate by means of a Geiger- Muller counter. 


The 


use of Cs™? as a reference pulse height to which the scintillation counter system is adjusted 
by means of a two channel pulse height analyzer makes possible the reliable reproduction 


of results from day to day. 
reference standard neutron 


1. Introduction 


The routine determination of neutron-emission 
rates of “radioactive”? neutron sources in terms of 
the emission rate of the NBS Ra-Be (yn) national 
standard source, known as NBS-I, has for some- 
time been carried out by means of a manganous 
sulfate bath. In this method, which was also used 
to calibrate the national neutron standard = ab- 
solutely,' the source is suspended for approximately 
18 hr in the center of a evlindrical bath of manganous 
sulfate solution of 1-m depth and 1l-m diam. The 
fast neutrons are moderated in the water and an 
appreciable and constant fraction of them are then 
captured by the manganese. Integration of the 
Mn* activity over all radii is accomplished by 
thoroughly mixing the solution before the count is 
started. Counting of the Mn activity has normally 
been accomplished by the use of a Geiger-Muller 
counter suspended in the center of the bath. This 
paper will describe the use of a scintillation counter 
placed in the center of the bath and the means used 
to obtain the high degree of pulse-height repro- 
ducibility and stability that is required. 

When the bath is activated to near saturation by 
NBS-I (neutron vield Q=1.26% 10° neutrons/sec) 
and counted with a Geiger counter,’ the integrated 
count over approximately a half life of Mn (2.58 
hr) is 31,300 counts, of which 12 percent are due to 
background radiation. Assuming an equal counting 
time in determining the background, the statistical 
error (4/”), in the value of the bath activity is 
then close to 0.7 percent. Background levels show 
slight changes over periods of days which further add 
to this uncertainty. If a calibration of a weaker 
source is desired, the accuracy quickly worsens. — For 
example, if the neutron vield of the source is 10° 
neutrons/see the background amounts to 62 percent 


of the total count and the statistical error in the 
value of the bath activity is 4.4 percent. 
s DeJuren and Jack Chin, J. Researeh NBS 35, 311 (1955) R P2863! 


By using the scintillation counter the ratio of the national 
source (NBS-—II1) 
(N BS-I) has been redetermined and is found to be 0.939 


national standard neutron 


~ 0.001). 


to the source 


To obtain ratios of the neutron yields of two sources 
to accuracies of 0.5 percent, some improvement in 
the calibration procedure is indicated. An increase 
in counting time is of no avail since we already have 
half of the total time integrated count obtainable 
with the Geiger counter system. 


2. Scintillation Counter Method 


A much higher efficiency is achieved if, instead of a 
Geiger counter, a Nal(TI) scintillator is used for dip 
counting of the activated manganese. However, a 
scintillation counter produces a continuous pulse 
height distribution with a general increase in the 
number of pulses at lower pulse heights until the 
distribution blends into the noise spectrum of the 
photomultiplier tube. Thus some discrimination 
level must be set and pulses of height lower than this 
limit rejected. This discrimination level must be 
capable of accurate repetition from day to day and 
must possess considerable time stability. The over- 
all gain stability of the system must be appreciably 
better than one percent. In addition it must be 
possible to determine the position of the diserimina- 
tion level by a means which will give accuracies of 
better than | percent within a short period of time. 

The use of the sharp 662 Kev y-line of Cs'* offers 
a quick and accurate pulse height reference. As is 
shown in the block diagram (fig. 1) the Cs®* pulses 
from the probe, after amplification in a linear ampli- 
fier, are fed to a two-channel differential pulse height 
analyzer consisting of a triple discriminator of high 
stability followed by a dual-channel anticoincidence 
circuit, The spacing between the levels of the triple 
discriminator is fixed at about half of the width of the 
cesium peak. The calibration of the pulse height is 
then made by adjusting the gain of the amplifier for 
equal counting rates in the two pulse-height chan- 
nels when the cesium source is near the probe. — In 
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figure 2 are shown the pulse-height distributions ob- 
tained from C's and Mn as well as the positions of 
the triple discriminator levels, (), C2, and Cy. After 
the pulse-height adjustment with the cesium, the 
cesium source is removed and the bath activity ts 
determined by counting the output ©, of the triple 
discriminator which is then centered on the cesium 
peak. Considering small variations in amplification, 
it is clear that a relatively small percentage change in 
the count rate of discriminator €, for a cesium 
source is associated with a much smaller percentage 
change for a Mn source. The ratio is in fact about 
16 The statistical error in the count rate difference 
between the two pulse height channels for a l-min 


count with the cesium source in the standard position 
permits an accuracy in the adjustment of pulse 
height which corresponds to an error of only 0.04 
percent in the Mn*® count rate. There are still 
present, however, short term variations in the overall 


gain which cause the difference in the count rates of 


the two channels to vary, during a period of an hour 
or less, by an amount greater than the statistical 
error associated with a l-min cesium count. These 
variations, which correspond to pulse height varia- 
tions of less than 0.4 percent, are associated with less 
than a 3.9-percent error in the cesium count rate or 
less than a 0.2-percent error in the Mn count rate. 

The lox d's ine Nal(Tl) seintillation 
counter in determining bath activity provides count- 
ing rates which are higher by a factor of 9 than those 
of the Geiger counter previously used. Moreover. 
the fact that the percentage of pulses which are of 
pulse height above the discrimination level is lower 
for the background than for Mn, results in a reduc- 
tion in the ratio of background to total count from 
12 percent to 3 percent when the bath is activated 
by NBS-l. Thus lower total neutron 
vield may now be calibrated in the bath. Table 1 
compares the statistical errors in the determination 
of bath activity for sources of various neutron vields 
by both the Geiger and scintillation counter methods. 
If the statistical error in the determination of the 
bath activity is required to be less than 1.0 percent 
the use of the scintillation counter allows the calibra- 
tion of a source smaller in vield by a factor of more 
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sources of 
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TABLE 1. Calculated values associated with the measurement of 


the manganous sulfate bath activity 


Scintillation 
counter 15-min 


Scintillation 
counter 155-min 


(reiger counter 
155-min count 


count count 
Neutron emission 
rate ¢ 1 Source s d ‘ - 
i of the u Ratio of tand Ratio of Stand Ratio of Stand 
hack ird de- back ard de- has ard de 
round viation sround Vviation eround Viation 
> ' in bath rw total in bath to total in bath 
0 to ( ‘ 
. wtivity® : wtivity® . wtivily® 
L26«k We ONBS- I O. 116 0. OS 0. 029 0. 21 0. 029 O08 | 
7x10 143 Us 
3x10 st) Is 111 0.49 | 
10 2 44 273 Ou 


* In computing the standard deviation, the background count is assumed equal 
in length to the activated bath count in each case 


than seven or the calibration of a source of vield 
1.26 > 10° in less than one-tenth of the time required 
by the Geiger counter. Of course these values apply 
only to the specific counter used. Improvements in 
sensitivity can easily be made by simply using a 
larger scintillator in the bath. 

In order to achieve the needed stability In gain, 
the scintillator and photomultiplier must be tem- 
perature stabilized. The pulse height from such 
scintillating systems has a negative temperature 
coefficient Which amounts to as much as 0.5 percent 
per degree centigrade” The temperature stabiliza- 
tion is accomplished by immersing the probe in the 
manganous sulfate bath one-half hour before adjust- 
ing the gain on the cesium peak. The heat capacity 
of the bath is sufficiently large to preclude any ap- 
preciable temperature change over the combined 
time interval required for the gain adjustment with 
cesium and for the subsequent count of the bath 
activity. 

Another effect which was considered is the varia- 
tion of pulse height with counting rate? The change 
in pulse height with count rate was determined by 
observing the shift in the balance point with the 


Cs" source in a standard position, when a Ba! 
source was placed at various distances from the 
source. The spectrum of the Ba source has a maxi- 


mum pulse height below the cesium peak and thus 


ind M. MaeGregor, Nuclear Instruments 1, 71 (1957 
ind W. Bernstein, Rev. Sei. Instr. 26, 726 (1955 


W. P. Ball, R. Booth 
‘Pp. R. Bell, R. C. Day 


Hoes it 


does not contribute counts in the region of the cesium 
peak. The absolute count rate in the photomulti- 
plier tube due to the cesium source was estimated 
using an extrapolation of the cesium pulse height 
distribution to zero pulse height. The absolute 
count rates with both cesium and Ba'™ present were 
then estimated by relative measurements with the 
scintillation counter replaced by a Geiger counter. 
\ variation of count rate by a factor of two from that 
due to the cesium source alone results in a shift in 
pulse height of the cesium peak of about 0.25 per- 
cent. This would correspond to an error in the 
manganese bath count of 0.13 percent. Since most 
of the sources tested are of approximately the same 
strength this factor is not too important. However 
this effect will be investigated more thoroughly. 


3. Redetermination of the Ratio of NBS 
Standard Sources 


The ratio of the emission rate (Q) of the National 
Bureau of Standards national reference standard 
neutron source NBS-II to that of the national 
neutron standard NBS-I was redetermined using 
the seintillation dipeounter in a series of measure- 
ments involving five irradiations of the bath by 
NBS—I and four by NBS—-IL. The best value for the 
ratio, based on 21 counts of the NBS-—-I bath ae- 
tivity and 16 counts of the NBS—IL bath activity, is: 


Q(NBS-IL) 


: - “0.939. 
QNBS_1) 


-0.001- 


where the error given is the standard deviation, which 
is about 30 percent higher than the error expected on 
the basis of ¥n alone. The distributions of devia- 
tions from the weighted average values of the bath 
activities are normal and the largest deviation for a 
single measurement is about 3's standard devia- 
tions. 


The author thanks Louis Costrell for the design 
of some of the circuits and William Murphy and Jack 
Chin for assistance in taking the data, 

December 29, 
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Phase Equilibria in the Subsystem Barium Disilicate— 
Dibarium Trisilicate 


Robert S. Roth and Ernest M. Levin 


\ revised phase equilibrium diagram for the subsystem BaQ-2siO, 
The previously published diagram showing a complete solid solution series Was 
Instead, two new compounds were identified by X-ray diffraction powder 


presented. 
not verified. 


pattern techniques, and two eutectics were located by the quenching method. 
pound 3Ba0.5SiO, melts incongruently at 1,423° C 
latter compound melts congruently at 1,446 
quenchable and slowly reversible phase transformation at about 


2BaO-38i0, is 


The com- 
to form 5BaO-8S8iO, and liquid. The 
(. Barium disilicate was found to have a 
1,350° CC. The X-ray 


diffraction powder pattern for 2BaQ.35iO. was indexed for the first time on the basis of a 


monoclinic unit cell 


1. Introduction 


In a study of the phase equilibria of the binary 
system BaO-siO,, P. Eskola [1]! confirmed the exist- 
ence of barium disilicate, previously reported by 
Bowen [2]. The phase diagram published by Eskola 
showed complete solid solution between BaQO-2SiO, 
and 2BaQO-35i0,.. Rogers [3] discovered the exist- 
ence of barium disilicate in nature and gave it the 
mineral name of sanbornite. In order to reconcile 
his findings with those of Bowen and Eskola, Rogers 
postulated dimorphism in BaSi,O;, indicating that 
sanbornite was probably triclinic, whereas the syn- 
thetic material was apparently orthorhombic. Ina 
study of the BaO-Al,O,-SiO, svstem, R. H. Thomas 
{4} concluded that dibarium trisilicate probably was 
not a compound, but rather a fortuitous end-member 
of a solid solution series. 

Levin and Ugrinie [5| and Toropov, Galakhoy, and 
Bondar [6! concluded that dibarium trisilicate most 
likely was a true compound and that complete solid 
solution existed between it and barium disilicate. 
Levin and Ugrinic, nevertheless, state, “The X-ray 
data, however, did not conclusively show a_ solid 
solution series. The powder pattern for the composi- 
tion contaming 70.8 pereent BaO-.2SiO, (29.2 percent 
of 2BaO.5Si0,) showed several double peaks which 
indicated the presence of two phases. Even after an 
additional melting and grinding of the mixture, these 
double peaks persisted.”’ 

R. M. Douglass [7] recently reported the crystal 


structure of the mineral sanbornite. The unit cell 
was found to be orthorhombic with a—4.63 A. 
b—8.69 Al and e«=—13.53 A. Douglass concluded 


that barium disilicate did not show polymorphism 
although his X-ray diffraction powder pattern did 
not match that of Levin and Ugrinie {5}. 
On the basis of the structure determined for san- 
bornite, Douglass [7| doubted that extensive solid 
Figures in brackets indicate the literature reference 


sat the end of this paper 


solution existed between barium = disilicate and 
dibarium trisilicate. 

The opinions expressed by Douglass led to a re- 
examination of the possibilities of polymorphism in 
barium disilicate. Unpublished high-temperature 
X-ray patterns prepared during the original investi- 
gation of Levin and Ugrinie [5] had not been inter- 
preted as showing conclusive evidence of poly- 
morphism. However, with the ability to index the 
low-temperature form, as a result of Douglass’ work, 
polymorphic transformation was clearly indicated in 
these patterns. In a note preliminary to this publi- 
cation [S| polymorphism in barium. disilicate was 
announced, The complete data supporting that 
statement are presented in this paper. In an at- 
tempt, also, to resolve the controversial question of 
solid solution in barium disilicate, a detailed re- 
examination is reported for the subsystem BaO. 
2SiO,-2BaO-38iOs. 


2. Apparatus and Method 


Phase equilibrium relationships in the system were 
studied by the well-established quenching technique. 


It was found that all liquids could be readily 
quenched to glasses. Constant temperature control 
of the quench furnace to within +3° C was achieved 


with a self-adjusting, a-c bridge-type controller [9]. 
Quenched samples were examined with the polarizing 
microscope and by X-ray powder diffraction patterns 
(Ni-filtered Cul radiation) using a high-angle 
Geiger-counter diffractometer. 

Temperatures were measured with a platinum 
versus platinum-rhodium (10%) thermocouple which 
was taken from lengths of thermocouple wire 
which had been originally calibrated by the Pyro- 
metry Laboratory. Temperatures are given on the 
International Temperature Seale of 1948. During 
the course of the experiments the thermocouple was 
checked three times against the melting point of 
barium disilieate (1,420° © 
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3. Preparation of Mixtures 


Starting materials for the preparation of mixtures 
consisted of reagent grade (ACS) barium carbonate 
and silica gel of 99.99-percent purity on an ignited 

The silica gel was specially prepared 
digestion in the Chemistry 


weight basis. 
by an acid 
Division 
The end-members BaO.2Si:0O, and 2BaQO-3Si0, as 
well as the composition containing 37.4-mole percent 
BaO were specimens used in a previous study [5), 
and their preparation was deseribed therein, Six 
intervening mixtures with BaO’ contents ranging 
from 34- 39-mole percent, in 1-mole-percent 
increments, were prepared as follows: Calculated 
amounts, for 3-g mixtures, of barium carbonate and 
silica gel were thoroughly blended for ' hr with a 


process 


to 


high-speed mechanical mixer. The mixtures were 
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then ground for '; to *% hr in an agate mechanical 
grinder. Specimens, °s in. in diameter, were formed 
by pressing the material in a mold at approximately 
20,000 psi. The pressed disks were fired in a pot 
furnace at about 1,300° C for 24 hr. The disks were 
ground through a No. 200 sieve, pressed as before, 
and given a second heat treatment at 1,375° +15° C 
for 84 hr. Finally, the disks were ground to pass a 
No. 200 sieve. The two relatively long-time, high- 
temperature, heat treatments of pressed specimens 
were sufficient, apparently, to give homogeneous 
samples, determined by inspection with the 
polarizing microscope. 

For locating compounds and eutecties, 5 additional 
l-g samples were prepared from the appropriate 
amounts of previously prepared adjacent samples 
The method of combination was similar to that for 
the 3 
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4. Results and Discussion 


The results of the experiments in the system 
BaO-2Si0.,-2Ba0-3Si0. are listed in table 1 for the 
14 different compositions studied. These results 
have been interpreted to give the phase diagram 
shown in figure 1. Identification of crystalline phases 
by the polarizing microscope is given in the table 
only for those cases in which X-ray identification 
was not possible, because of a large proportion of 
glass. Because of overlapping indices of refraction, 
accurate identification of the crystalline phases pre- 
sent was difficult or impossible for many of the speci- 
mens. However, maximum and minimum indices 
usually were determined, and they were found to be 
compatible with the X-ray data. 


4.1. Polymorphism of Barium Disilicate 


Results of the experiments listed in table 1 for 
the 2 specimens containing 33.33-mole-percent BaO 
prove the existence of polymorphism in BaSi,Qs. 
The heat treatment used to prepare the first compo- 
sition listed in table 1 vielded the low-temperature 
form of BaO-2SiQ,, or sanbornite. It may be seen 
that the low-temperature form remains stable at 
temperatures below 1,540° C. At temperatures of 
1,.352° © and above, however, the high-temperature 
form appears, in amounts which imerease with the 
time and temperature of heat treatment. For 
example, the sample heated at 1,360° © for 1.5 hr 
failed to produce any detectable amounts of the high- 
temperature form, whereas the sample heated at 
1.358° © for 16 hr showed appreciable conversion. 

High-temperature X-ray diffraction patterns of 
the original low-temperature form were available 
from a previous study [5]. Upon re-examination the 
following features were observed: Except for slight 
shifts in interplanar spacings due to thermal expan- 
sion, no change was observed up to 1,300° C. After 
notable differences were 


The X-ray 





several hours at 1,375° C 
apparent in the diffraction pattern. 
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pattern of the sample, furnace-cooled to room tem- 
perature, still showed the high form of barium 
disilicate. 

The second composition listed in table 1 was not 


initially heat treated below 1,390° C. It showed the 
pure high-temperature form. When it was heated 
at 1,335° C for 18 hr, the low-temperature form 
appeared in abundance. Interpretation of these 
data leads to the conclusion that barium disilicate 
exhibits a slowly reversible polymorphic trans- 
formation at 1,850° C +10° C. 

Figure 2 shows schematically the X-ray diffraction 
powder patterns of the 2 polymorphs compared with 
the patterns reported by Austin [10] and Douglass 
7} for BaO-2SiO,.. It is obvious from this figure 
that sanbornite (Douglass [7]) is identical with the 
low-temperature form of BaO-2SiQ,, found in the 
present work. Austin’s data appear to represent, at 
least in part, a poorly resolved pattern for high 
BaQO- 2510». 

The X-ray diffraction powder pattern for high- 
temperature BaO-2SiO. obtained in the present 
study is compared in table 2 with the pattern pub- 
lished by Levin and Ugrinic [5]. The present pattern 
is probably more accurate as it seems likely that the 
X-ray diffraction equipment used for the earlier work 
was out of alinement. The final accuracy of the d 
values must await indexing of the pattern following a 
determination of the unit-cell parameters. 

The X-ray diffraction powder patterns of the 2 
polymorphs are superficially simiar in that many 
of the strong lines of both patterns almost coincide. 
However, when an attempt is made to index the pat- 
tern of the high-temperature form, it is found that 
many of the interplanar spacings cannot be assigned 
indices on the basis of a structure resembling san- 
bornite. The diffraction peak at 26—25.1° or d 
3.54 A, is diagnostic of the high-temperature form. 
A number of other peaks cannot be reconciled with 
the sanbornite structure, as, for example, those at 
approximately 16° and 19° and the triplet at 28.5 
24 (see fig. 2). It may be concluded that Douglass’ 
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Schematic X-ray diffraction powde r patterns for the polymorphs of Ba Or 2s il » com- 
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pattern is diferent from those reported by any of the Specimens of the composition containing 40-mole- 
authors mentioned in his paper [7]. Although Doug- | percent BaO heated at 1,400° C for 3 hr or at 1,442° 
lass correlated his pattern with Austin’s published | C for 0.5 hr (table 1) showed the same phase, 
data, the present work proves that this correlation | namely, that present in the original starting ma- 


is incorrect. Austin’s data should actually be cor- | terial and in the crystals grown from the melt. The 
related with the high-temperature form, as was done | d values for this phase did not change regardless of 
originally by Levin and Ugrinie [5). composition or time and temperature of treatment. 
, Consequently, within the limits of the present experl- 

4.2. Compound 2BaO -3SiO ments, dibarium tricilicate shows neither poly- 


morphism nor solid solution. The liquidus tem- 
In order to obtain sufficient data to index the | perature of 2BaO-35i0, was determined to be 1,447 
powder pattern, single crystals of 2BaO.3Si0, were C, or about 3° less than that reported by Eskola. 
crown by A. Perloff of the Bureau on a hot-wire 
apparatus [11]. Preeession patterns established the | 4-3. Phase Diagram for the System BaO.2SiO, 


symmetry of the erystal as monoclinic, probably 2Ba0.-3SiO, 

space group © 2 ow Ch im Using the 

approximate cell dimensions provided by Perloff, The phase diagram as reported by Eskola [1 
the X-ray diffraction powder pattern was indexed | (Fig. la) shows a continuous solid solution between 
(table 3). The unit-cell parameters calculated | BaO-25i0, and 2BaO-3SiO., without maximum or 


from the powder pattern are: a= 12.51 A;6—4.69 A; | minimum. It should be noted that this diagram is 
e—6.97 A; and B=93°23’ 


based on only 3 intermediate compositions. 


TABLE 1 ( om posilions studied and phases ide ntified in the sustem BaQ-2sit ».-2BaO-38i0 


Comy tior Heat treatmet Phase 
l irizing I ré I 
Bao 310 remper lime X-ray diffractior 
ur 
( An 
lé ( h 
3 33 Hof ULL 20 Low-BaO-2si0 
BaQ 2810 
1, ou 2.0 lo 
1. 352 0 Low- +high-BaO-2si0 
1. 4558 nu ao 
1, 300) 1 Low-BaQ-2siO 
1,3 Mi) High- +low-BaO-2SiO 
1. 3S ” do 
66, 67 1, 300 High-BaQ-2s8i0 
$4 Inv Low- +1 BaQ 2510 
1 410 0 33 High-BaQO.285i0 
66. 33 1. SSS 0 High- +low-BaO-28i10.+3Ba0.58i0 None 
1.41 Lo High-BaQ.28i0 Moderate 
1, 41S 10 BaQ-28i0 Large 
1M 66.00 137 S40 High-BaO-28iOe+3Ba0.5s8i0 
1 407 | do Nome 
1414 Lw iH BaQ2siOe'+3Ba0.5810 Small 
i! 0 | Node 
i) “ BaQOssio Lar 
BaQ.2sio 
4 All 
{ é ( 1 34 It il BaQ 2810) +3Ba0.58i10 Nome 
1.41 (Bah ssio Li 
1. 41S I > 
he All 
i“ 13 s4 H Ba) 2810) +4BaO SSiO Nom 
1.41 d 1h 
1 4i¢ thad sit) Nloder 
10 ShaOSsio Lares 
1 425 dl I> 
14 \ 
4 Ce s4 SaaO.SSi0)4 BaQvsio 
i 1th. ¢ SBaOssio hivt +low-BaQ-2sio 
144 10 {BaO.5SSiOh4 h-Ba Oh 2zsio None 
1410 lf (BaQ.5siO s il 
141 ! MM 
4 ( SBaQssio I 
is All 
" ‘ in 13 s4 SBaOssio, +} BaO-2sio 
1.41 {a ssio Ne 
1414 lo race 
1. 423 “ ShaO S5SSith+5 Ba O-SSIOb Uf Di 
i ( ‘BaOssio BaQessio sn 
1 43! 12 BaO-xsiO Moder 
1, 440 l La 
‘4 All 
See footnotes at end of tablk 
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TABLE 1 Compositions studied and phases identified in the system BaQO-2sSiO,-2 BaO-38i0,— Continued 


Composition Heat treatment * Phases 
Polarizing microscope 
Bad SiO, Tempera- Time X-ray diffraction ES 
ture 
Crystals ¢ Amt. glass 
mole * mole 7 ( hr 
37. 41 62. 59 if 1,390 1.75 3BaO.5S8i0, 
1,415 0.75 None 
1, 423 LO 5 BaO-8Si02+3Ba0-5S8i0, Trace 
1, 426 O75 5BaO-S8Si02+3Ba0-58i0 Small 
37. 50 62.50 1, SSS 16.0 3BaO0.-.58i0, 
3BaQ0-538i0 
1, 437 Lo 5 BaO-s8SiO, Small 
1. 440 10 do Moderate, 
an 0 62. 00 1 37 84.0 ‘5 BaO-SSi0.+3Ba0.58i0,) None 
1, 405 20 do Do 
1,415 1. 25 do Do 
1, 423 1.0 i BaO- xsi: Trace 
1, 432 1. 25 do Small 
1, 441 1. 25 do Moder ite, 
1, 443 0.7 5 BaO-ssiO, Large 
1, 447 1.00 All 
3s. 46 61.54 1, 38S 16.0 lo 
BaO-ssio 
1, 440 Lo lo None 
1, 444 1.0 5SBaO-ssiO Large 
1, 447 Lo All 
39.00 61 00 1, 37 s4.0 IBaO-sSiO_,+ 2Ba0-38i0 
1. 405 20 do None 
1, 425 10 do Do 
1, 433 1.0 do Do 
1. 438 0.8 SBaO-ssio Large 
1, 442 1.0 All 
tu 50 eh, 1, 388 16.0 2BaO-3Si0_)+ 5 BaO-SSi0>, 
1, 437 Lu do None 
1, 440 10 2BaO-38i0;+ 5 BaO-SSiO>» (tr Moderate 
1, 444 1.0 All 
OO Til i 1, 200 20.0 2BadO-38i0 
2BaO SsiO 
lL. 400) 3.0 ao 
1, 442 0 2Ba0.38i0 Nom 
1, 445 do Trace 
1, 450 l All 
* Except where noted, a pecimens were quenched in water, from the tem- Sample previously heated at 1,300° C for 24 hr, 1,375° C for 3.5 hr, 1,360° ¢ 
perature indicated for 15.5 hr 
Listed in order of re ve amounts present, major phase first i Interpreted as non-equilibrium phase at the temperature indicated 
Listed only when no X-ray identification was available Prepared by mixing the appropriate amounts of the compositions 34.00 BaO 
Starting mater not quenched 66.00 SiG» and 35.00 BaQ:65.00 SiO 
¢ Sample previou ited at 1,460° C for 44 hr, 1,100° C for 17 hr, and 1,400° C *« Prepared by mixing the appropriate amounts of the compositions 37.00 BaO 
ribeye 63.00 SiOe and 38.00 BaO-62.00 SiO 
Sample previou eated at 1,460° C for 1.5 hr, 1,390° C for 1 hr, 1,450° C for Prepared by mixing the appropriate amounts of the compositions 38.00 BaO 
| 62.00 SiOe and 39.00 BaQ-éL.oo SiO 
Prepared by rt the appropriate amounts of the compositions low-BaO Prepared by mixing the appropriate amounts of the compositions 39.00 BaO 
sit) 134.00 Bad Ww SiO 61.00 SiOe and 2BaQO-38i0>» 


The present diagram (fig. Ib) differs from Es- 
kola’s in several important respects. It shows no 
solid solution. Instead, 2 discrete compounds occur: 
5BaO-s8SiQ,, melting congruently at 1,446° C; and 
$BaO-55i10,, melting incongruently at approximately 
1,425° C to form liquid and 5BaO-SSiO,. In addi- 
tion, 2 eutecties are located at approximately 34- 
mole-percent BaO and 1,410° C and about 39-mole 
percent BaO and 1,437° C. 

The exact location of the first eutectic relative to 
the 34-mole-percent BaO composition could not be 
established because nonequilibrium conditions pre- 
vailed for this composition. Specimens quenched 
from a comparatively large temperature range of 
about 10° contained 2 crystalline phases and glass. 
However, the 34- and 35-mole-percent BaO’ com- 
positions definitely began melting at about 1,410° C 
10° below the melting point of BaO-2Si0,, proving 
the existence of a euteetic in this region, 


All compositions between 33.33-mole-percent BaO 
and 37.5-mole-percent BaO, when heated below the 
solidus, contained barium disilicate plus a second 
phase. The d values of barium disilicate remained 
essentially constant, indicating the absence of solid 
solution. A single phase was found to occur at the 
composition containing 37.5-mole-percent BaO, cor- 
responding to the compound 3BaO-5SiO,. The 
X-ray diffraction powder pattern for this compound 
is given in table 4, 

That the compound 3BaQO-55i0, melts incongru- 
ently was ascertained by the observation that this 
phase does not occur in specimens heated above 
about 1,428° C. Above this temperature, for the 
composition range 37- to 38-mole-percent BaO, a 
new phase was detected in equilibrium with glass. 

Below the solidus, for the composition 38-mole- 
percent BaO, the new phase occurs with 3BaQO-5SiOg. 
whereas the specimen containing 39-mole-percent 
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BaQO contains the new phase and 2BaQ-3s10. 


Therefore the composition of the new compound 
occurs between 3S8- and $9-mole-percent BaQ, most 
probably 5BaO-SSiO, (containing 38.46-mole-percent 
Bad No change in the X-ray diffraction powder 
pattern (table 5) was observed up to the liquidus 
of 5BaO-SSi0, (1,446° © The congruent melting 
point of the 5 :S compound ts supported by the 
unequivocal existence of the eutectic at about 39- 
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mole-percent Bad see contamine 
39- and 39.5-mole-percent BaO in table 1 

Figure 3 shows a schematic comparison of the 
X-ray diffraction powder patterns of 2BaQ-35iQ,, 
5BaO-SSi0,, and 3BaQO-5510.. One notable feature 
should be mentioned. With decreasing BaO content. 
from 2BaQO-3510. to 3BaQO-5510., the doublet in 
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TABLE 4. X-ray diffraction powde r data for the compound 
3BaO.5Si0> 
(CulKa, radiation 

d 1) Iya d Ij Io 

1 i 
6.79 3 2. 039 t 
6.09 l 2.024 y 

17 t 1. 999 23 
4.253 13 1. YOS a) 
4. USS ‘ 1. &SS ) 
3. 847 100 1. S876 t 
3.778 sl 1. S42 21 
3. 723 19 1L.S17 ) 
3. 424 10 1. 800 14 
3. 329 13 1. 786 
3.250 sl 1. 764 ll 
3. 197 nb 1. 729 10 
3. 100 a} 1. 702 ) 
2 O10 tH 1. 627 10 
2. 87 l 1.617 4 
2 78S Mh 1.612 y 
2. 769 2s 1. 556 u 
2. 428 5 1. 551 10 
2. 306 4 1. 527 6 
2. 354 2s 1.474 5 
2. 20 $4 1. 459 
2. 230 1v 1. 440 4 
2. 211 $s 1.414 ( 
2.173 +] 1. 304 ih 
2 156 10 1. 307 

120 ‘ 1. 340 ll 

Os ] 

he intensity of these peaks is given relative to the height of the strongest 
peak, 


2BaO-3S8iO,, occurring at about 26—23.5° and 24° 
is shifted to a lower angle While the doublet at 
29 —27° and 28.5° is shifted to a higher value. This 
shift is discontinuous. Instead of a continuous shift 
in d values, as expected for solid solution, 2 phases of 
unvarving d values were always found for inter- 
mediate compositions. Therefore, it must be con- 
cluded that there is no appreciable solid solution 
in the BaO-2510,-2BaO0-3510, system. 


4.4. Criticism of the Solid Solution Diagram 


The reason for the differences between the present 
diagram and the continuous solid solution interpre- 
tation may be found in reviewing the method used 
and data obtained by Eskola [1]. 





X-ray diffraction powder data for the compound 
5 BaO-S8Si0». 


TABLE 5. 


(Cuka, radiation 


d T1,* d 11,* 

A of \ // 
6.85 11 2.195 Is 
5. 99 13 2.173 31 
4. 287 31 2.141 13 
3. 795 7s 2. 071 Is 
3. 735 SY 1. 9S4 22 
3. 204 100 1. 906 Is 
$. 209 Mh 1. 870 7 
$. OUY $8 1, 823 Is 
2. 852 1] 1. 796 31 
2. 820 22 1. 755 13 
2.778 7s 1. 732 11 
2. 761 0 1. 635 Is 
2. 345 Is 1. 623 W 
2. 265 27 1.614 It 
2. 224 27 1. 551 13 


‘JJ, represents the intensity of the diffraction peaks relative to the strongest 
peak 


Table 6 compares the melting point data reported 
by Eskola with those found in the present investiga- 
tion. It may be seen that the liquidus values given 
by Eskola for the 3 intermediate compositions are 
3.5° to 4.5° higher than the interpolated values 
obtained from figure 1(b), for the corresponding 
compositions. If only these compositions had been 
studied in the present investigation, essential agree- 
ment would have been obtained for the liquidus 
curve. However, an investigation of additional 
compositions revealed the existence of 2 eutecties, 
thus eliminating the possibility of complete solid 
solution. As solidus values obtained by the quench- 
ing technique in glass-forming systems are less ac- 
curate than liquidus values, especially for composi- 
tions remote from the eutectic, a difference of as 
much as 20° (table 6) is quite possible. 

In table 7 the indices of refraction of the discrete 
phases found in the present study are compared with 
the values given by Eskola for 6 compositions. As 
in the case of the melting point data, if only these 
compositions are considered, solid solution would 
be indicated. However, the indices of refraction 
obtained by Eskola are compatible with the indices 
found for the discrete phases, identified in the present 
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work by X-ray methods. The interpretation of the 
indices for the specimen containing 35.11-mole-per- 
cent BaO, for example, is that the extreme indices 
reported by Eskola are the a for BaO-25i0, and the 4 
for 3BaQO-5S10,. 

In postulating solid solution, Eskola placed great 
reliance on the observation that for the mixture 
containing 37-mole-percent of BaO, crystals formed 
at temperatures below the solidus possessed lower 
indices than erystals formed above the solidus. 
However, the present diagram, in which the com- 
pound $BaO.5SiO, is shown to melt incongruentls 
to S5BaO-S8SiO, and liquid, is equally consistent with 
this observation. 

Concerning the polymorphism of BaO-2SiO,, the 
corresponding indices of refraction of the high and 
low forms are the same within the limits of accuracy 
of the immersion method (+0.003). Thus the 2 
forms are optically indistinguishable. 

The conclusion that little or no solid solution 
exists in the binary system BaQO-SiQ,, is in agreement 
with the opinions of Douglass [7], based on the 
structure of sanbornite. However, considerable 
solid solution has been postulated in BaO-2SiO, with 
ALO, by Thomas [4] and with BO, by Levin and 
Ugrinie [5]. Such svstems might be reviewed with 
the idea of detecting the presence of the 3:5 and 
5:8 compounds within the ternary system. It 
seems likely that a further study of these, or other 
ternary systems involving BaO and SiO,, would 
reveal that little solid solution occurs between any 
of the 4 compounds discussed here, involving a 
change in the ratio of the large cation to the tetra- 
hedrally coordinated cation. 


Comparison of melting point data foi com positions 
in the system BaO.28iO,-2 BaO.3s iO, 


TABLE 6 


Composition Liquidus Solidus 
Ba) S10 Eskola [1 Roth & Eskola [1 Roth & 
Levin * Levin * 
nole mote ( ( if ( 
: : i. OF 1, 420 1, 420 
l 4. SY 1, 4:33. 5 1, 424 1, 421 1.410 
(r 2. WS 1, 445.5 1, 442 1, 4538 1.410 
is. J Hl 1, 449. 5 1, 445 1, 430 1,42 
wh im) a 1. 444 1. 447 
Obtained from figure I(b), to correspond to the listed compositions, whict 


vere studied by Eskola 


Interpolated from data in table 2 of reference {1 


TABLE 7 Comparison of optical 
Indices of refraction by Eskola for continuous solid solution 
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5. Summary 


The phase equilibrium diagram for the subsystem 
BaO-2Si0,-2BaO0-3SiO, within the binary system 
BaO-SiO, has been revised. Fourteen compositions 
were studied by the quenching method. Phases 
were identified by X-ray diffraction powder patterns 
and with the aid of the polarizing microscope. The 
subsystem includes 4 binary compounds: the end- 
members, BaO-2SiO, and 2BaO-3S8i0,, and 2 new 
compounds, 3BaQO-5SiO, and 5BaO-SSiO,. No per- 
ceptible solid solution was found between any ol 
these compounds, contrary to previously published 
diagrams, which show complete solid solution 
between barium disilicate and dibarium trisilicate. 
Barium disilicate was found to have a quenchable 
and slowly reversible phase transformation at about 
1.350° C. The mineral sanbornite corresponds to 
the low temperature form. The | compound 
5BaO-8SiO, and the end-member 2BaQO-3SiO, melt 
congruently at 1,446° and 1,447° C, respectively. 


A eutectic exists between the 2 at about 1,437 
C, and 39-mole-percent BaO. The compound 
$BaO0-5Si0, melts incongruently at about 1,423 


C to form 5BaO-8SiO, and liquid. A eutectic 
between BaO-2Si0, and 3BaQO-5Si0, occurs at about 
1.410° C and 34-mole-percent) BaO. Dibarium 
trisilicate was found to be monoclinic with a= 12.51 
A, b=4.69 A, ¢e=6.97 A, and B=93°23’. 
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Separation and Determination of Phosphate, Silicate, 
and Arsenate 
W. Stanley Clabaugh and Audrey Jackson 


\ method was developed for quantitatively separating and determining phosphate, 
silicate, and arsenate when they occur together in solution. All three, at a pH of 1.8, form 
heteropoly molybdate complexes when heated just to boiling. Only the phosphate complex 
is extracted into ether from a solution that contains one volume of concentrated hydro- 
chlorice acid plus nine volumes of solution. After removing the phosphate, only the silicate 
complex is extracted into butanol from a solution that contains two volumes of concentrated 
hydrochloric acid plus nine volumes of solution. The arsenate complex is then extracted 
into methyl isobutyl ketone after readjusting the acidity back to 1 +9 by adding silica-free 
ammonium hydroxide. The various complexes are reduced by adding stannous chloride to 
the organic solvent and determined spectrophotometrically. The effeet of various salts on 
the complex formation and the extraction is also reported 


1. Introduction 


The heteropoly-complex compounds of molyb- 
denum have been known and used by chemists for 
more than a century.' They are used by analytical 
chemists especially for determining phosphorus, sili- 
cate, and arsenate, either as the vellow complexes 
or as the reduced blue complexes. 

The molybdenum salt most frequently used to 
form these complexes is the so-called) ammonium 
molybdate. For this reagent to be most useful it 
must not contain, either individually or combined, 
excessive amounts of phosphate, silicate, and arsen- 
ate. The Committee on Analytical Reagents of the 
American Chemical Society has published a specifi- 
cation for ammonium molybdate” This specifica- 
tion has, in addition to other requirements, a require- 
ment and test for phosphate but not for silicate or 
arsenate. While trying to improve the test for phos- 
phate and also limit the amount of silicate and arsen- 
ate that might be present, it was found that all three 
of the ions in question could be collectively deter- 
mined, It was also found that they could be quanti- 
tatively separated from one another even though 
they were contained in the same solution, 

The extensive literature concerned with the deter- 
mination of these ions, which contains so many 
articles that it is impractical to enumerate them all, 
is largely the result of the effort to ascertain and con- 
trol the many variables which influence the forma- 
tion and reduction of a specific, desired complex. 
For a partial résumé of the difficulties, see the pre- 
print of an article by Mellon. 

Analysts have also used various organic solvents, 
or mixtures of organic solvents, to extract the 


L. Svanberg and IL. Strune, J. prakt. Chem. 44, 257 (1S4s 

Reagent Chemicals, American Chemical Society, Specifications 195 

M.G. Mellon, Analytical properties of heteropoly anions, presented at a Sym 
posium on Structure and Properties of Heteropoly Anions, Division of Physical 
ind Inorganic Chemistry, American Chemical Society (September 1956 
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desired complex. To the authors’ knowledge, a 
satisfactory method has not been published for 
separating and determining all three ions, phosphate, 
silicate, and arsenate, when they oecur together in a 
solution. Such a method has now been developed and 
the details are given below. 


2. Reagents and Standards 
2.1. Ammonium Hydroxide (Silica-Free) 


The ammonium hydroxide used must be free from 
silica. Aqueous ammonia in contact) with glass, 
even momentarily, will dissolve a sufficient amount of 
silica to make it) unusable for the purpose here 
described. Since all ammonium hydroxide available 
commercially comes in glass containers, one must 
prepare silica-free ammonium hydroxide in the lab- 
oratory. The most convenient method to do this is 
to saturate distilled water with ammonia gas from a 
evlinder of compressed anhydrous ammonia. Plastic 
tubing and bottles must be used throughout. 


2.2. Ammonium Molybdate Solution (10 Percent) 


Prepare a solution of ammonium molybdate by 
dissolving 10 ¢ of the ACS reagent in 100 ml of 
distilled water. This solution should be prepared 
daily and placed in polvethyvlene containers. 

To determine the suitability of each lot of am- 
monium molybdate, dissolve 2.5 ¢ of the reagent in 
SO ml of distilled water, add a few drops of bromine 
water, and adjust the pu of the solution to 1.8 
with diluted hydrochloric acid (1+9).  Tleat the 
solution just to boiling and cool it to room = tem- 
perature. Add 10 ml of concentrated hydrochloric 
acid and | ml of butanol. Extract the combined 
phosphate, silicate, and arsenate complexes with 
methyl isobutvl ketone. After washing the ketone 


N.A. Fillipova and Lol. Kuznetsova, Zavodskaya Lab., 16, 536 (1950); ¢ 
Wadelin and M. G. Mellon, Analyst 77, 708 (1952); C. Hl. Lueck and D. I 
Boltz, Anal. Chem. 30, IS3 (195s 





solution and reducing the molybdenum complexes 
as described later (3.4), any blue color in the ketone 
should not exceed that produced when 0.01 mg of 
silica and 0.5 g of the same ammonium molybdate 
are treated exactly as was the 2.5 g of the ammonium 
molybdate. 


2.3. Stannous Chloride Solution 


Prepare a solution of stannous chloride by dis- 
solving 2 g of the ACS reagent SnCh-2H,O in con- 
centrated hydrochloric acid and diluting it to 100 
ml with concentrated hydrochloric acid. 


2.4. Phosphate Solution (0.01 mg of PO, in 1 ml) 


Prepare a stock solution by dissolving 0.143 g of | 


assayed potassium dihydrogen phosphate, KH,PO,, 
in distilled water and diluting the resulting solution 
to 100 ml. Dilute 10 ml of this stock solution to 
1,000 ml. Since the pH of this solution is approxi- 
mately +, it is safe to prepare and store it in glass 


vessels. 
2.5. Silicate Solution (0.01 mg of SiO, in 1 ml) 


Prepare a stock solution of silica by dissolving 
9.46 ¢ of assaved Na,SiO,-9H.O in 9 ml of silica- 
free ammonium hydroxide and diluting the resulting 
solution to 200 ml (199.4 ¢ at 25° C) with distilled 
water. Dilute a 1l-ml aliquot of this solution plus 
5 mil of silica-free ammonium hydroxide to 1,000 ml 
(997.1 gat 25° C) with distilled water. Since volu- 
metric polvethvlene ware was not available, the silica 
solution was diluted on the weight basis. 


2.6. Arsenate Solution (0.01 mg of As in 1 ml) 


Prepare a stock solution of arsenic by dissolving 
0.132 ¢ of NBS standard sample of As.O, in 10 ml 
of diluted hydrochloric acid (14-1) to which bro- 
mine water is added. To prevent loss of arsenic by 
volatilization, sufficient bromine must be present at 
all times to impart a strong vellow color to the solu- 
tion. This may require the addition of more bro- 
mine water while the arsenic trioxide is dissolving. 
Dilute the resulting solution to 1,000 ml. Dilute 
100 ml of this stock solution, to which 5 ml of con- 
centrated hydrochloric acid has been added, to 1,000 
ml. Since these solutions are acid, they can be 
prepared, diluted, and stored in glass vessels. 


3. General Procedure 


3.1. Formation of the Heteropoly Complexes 


Dissolve the sample to be analyzed in 80 ml of 
distilled water and add 5 ml of a 10-percent solution 
of ammonium molybdate. Adjust the acidity of the 
solution to approximately pH 4 by adding silica-free 
ammonium hvdroxide or hydrochloric 
required. 

If the solution of the unknown is alkaline, it must 
be prepared ina platinum container to prevent con- 


acid as | 


tamination from dissolved silica. After the solution 
has been adjusted to pH 5 or less, as determined with 
indicator paper, it may be transferred to a glass 
vessel without danger of dissolving sufficient. silica 
to interfere with the test. 

Add enough bromine water to impart a. slight 
vellow color to the solution. The bromine water is 
added to oxidize the arsenic to the quinquevalent 
state, because tervalent arsenic does not form a 
heteropoly complex with molybdate. Readjust the 
acidity of the solution to pH 1.7 to 1.9. Heat the 
resulting solution just to boiling, cool it to room 
temperature, and dilute it to 90 ml. Make all pH 
measurements which are less than 7 with a standard- 
ized glass electrode system. Do not use glass elec- 
trodes in alkaline solutions because sufficient. silica 
may be dissolved to vitiate the results of the test 
for silica. 


3.2. Separation and Determination of Phosphate 


Transfer the solution which was prepared as 
described above to a separatory funnel and add 10 
ml of concentrated hydrochloric acid and 35 ml of 
ethyl ether. Shake the mixture vigorously for a 
few minutes and allow the two lavers to separate. 
Draw off the aqueous laver and reserve it for the 
determination of silica and arsenic. Wash the ether 
laver twice with 10-ml portions of diluted hydro- 
chloric aeid (1+9). Draw off and diseard the 
aqueous lavers. Add 0.2 ml of the stannous chloride 
solution to the ether solution and shake the mixture 
Dilute the ether solution to 25 ml with more ether 
and determine its optical density with a spectro- 
photometer at 630 mu. 
phosphate present from a calibration curve. If 
greater sensitivity is desired, measurements may be 
made at approximately 830 mu. 


3.3. Separation and Determination of Silica 


Add 10 ml of concentrated hydrochloric acid to 


the aqueous solution reserved from the separation of 


phosphate and transfer it to a separatory funnel. 
Pour into the solution 50 ml of butanol, shake the 
mixture vigorously, and allow the layers to separate. 
Draw off the aqueous laver and add to it 10 ml of 
silica-free ammonium hydroxide and reserve this 
solution for the extraction and determination of 
arsenic. 

Wash the butanol laver three times with 20-ml 
portions of diluted hydrochloric acid (1+-99). 
Draw off and discard the aqueous lavers. Add 0.5 
ml of the stannous chloride solution to the butanol 
solution and shake the mixture. Dilute the butanol 
solution to 50 ml with more butanol and determine 
its optical density with a spectrophotometer at 630 
mu. Determine the amount of silica present from 
a calibration curve. 

The optical density should be determined imme- 
diately after the reduction by stannous chloride. — If 
this is not done, the blue color begins to fade, but 
treatment with stannous chloride as described above 
will restore the blue color to its original Intensity. 
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This fading may be attributed to some impurity in 
the butanol, because the reduced molybdenum blue 
color was found to be stable for 24 hr or more in 
some lots of butanol. 


3.4. Separation and Determination of Arsenic 


Transfer to a separatory funnel the aqueous solu- 
tion reserved from the separation of silica, to which 
10 ml of silica-free ammonium hydroxide had been 
added. Pour into the solution 25 ml of methyl 
isobutyl ketone, shake the mixture thoroughly, and 
allow the lavers to separate. Draw off and discard 
the aqueous laver. Wash the ketone solution three 
times with 10-ml portions of diluted hydrochloric 
acid (1+9). Draw off and discard the aqueous 
lavers. Add a freshly prepared solution of 0.2 ml 
of the stannous chloride solution in 10 ml of water to 
the ketone solution, shake the mixture, and allow the 
lavers toseparate. Draw off and discard the aqueous 


laver. If the ketone laver is cloudy, it may be 
cleared by washing it with diluted hydrochloric acid 
(14-99). Dilute the ketone solution to 30 ml with 


more ketone and determine its optical density with 
#® spectrophotometer at 630° mu. Determine the 
amount of arsenic present from a calibration curve. 


3.5. Reliability of the Method 


The calibration curves shown in figures 1, 2, and 


3 were determined for each of the complexes studied. 
The optical densities were determined at a wave- 
length of 630 iu with a spectrophotometer provided 
with absorption cells that were 50 mm long. The 
partition coefficients for the various complexes were 
not determined. However, when quantities of the 
three tons were present in considerable exeess of 30 
me each, each one was completely extracted in a 








c 7. ‘ 2 26 

i 2577 OF ETHYL ETHER 

Ficure 1 Calibration curve for reduced molybdo phos phate an 
eth jl ether. 


single operation as specified. To obtain complete 
extraction of the arsenic in one operation with 
methyl isobutyl ketone, the aqueous phase must be 
saturated with butanol. 

The reliability of the method was ascertained by 
preparing synthetic solutions containing known 
amounts of the three elements and subsequently 
separating them and determining the amount of 
each. The results of the experiments are given in 
table 1. 
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TABLE 1 Separation and determination of known quantities 
of phosphate, silicate, and arsenate 
Phosphate PO, Silicate (S10 Arse ils As 
Solution 
No 
Added Recoy Added Reco, Added Re 
ered ered ered 
Me Me ad Me pl wd 
l l l l l l l 
2 Ww Ww 10 10 10 10 
: “) w) 1) 1) “) 4) 
\ 0 0 2 2 2 2 
2 2 0) 0) 2 2 
‘ 2 2 2 4 Au ” 


4. Interference of Salts in the Extractions 
To determine the effect of salt concentration on 
the accuracy of the determinations, experiments 
were made by adding 10 mg of each of the three ele- 
ments to solutions of various salts. The amounts of 
salts taken were 1,2, and 5g, which would correspond 
to 1, 2, and 5 percent at the start of the extraction of 
phosphate by ethyl ether. 


4.1. Extraction From Solutions Containing 1 g of salt 


Complete recovery was obtaimed when 10 yg of 
each of the three ions in question was added to 1 g 
of each of the following salts: Ammonium carbonate, 
chloride, nitrate, and sulfate; sodium carbonate, 
chloride, hy droxide, nitrate, perchlorate, and sulfate ; 
potassium carbonate, chloride, hydroxide, nitrate, 
and sulfate; and ferric chloride. When sodium or 
potassium acetate was used, the acetate ion inter- 
fered with the recovery of phosphate. If the acetate 
was converted to nitrate by evaporating to dryness 
several times in the presence of nitric acid, the added 
phosphate was recovered. Recoveries of silicate and 

the effect that salts of other organic 
have on the reaction were not tnvesti- 


arsenate and 
acids might 
gated, 


4.2. Extraction From Solutions Containing 2 g of Salt 


When the quantities of the above salts, except fer- 
ric chloride which was not tried, were increased to 
2 &£. complete recoveries of the ndded phosphate, 
silicate, and arsenate were obtained unless the anion 
was chloride In addition, 22 of caletum chloride 
and barium nitrate were tried and the ealetum and 
barium did not interfere. Complete recovery of the 
three tons was obtaimed from 2 ¢ of the chloride salts 
if the initial acidity of the solution was adjusted to a 
pH of 1.7 to 1.9 with diluted sulfurie acid instead of 
with diluted hvdrochloric aed The othe 
tions remained as deseribed 


4.3. Extraction From Solutions Containing 5 g of Salt 
a. Extraction From Nitrate Solutions 


Experiments were made to determine the recover- 
ability of phosphate, sillea, and arsenie from solu 


tions contamimneg oO ¢ each of wmmonitm nitrate, so- 
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dium nitrate, potassium nitrate, barium nitrate, cal- 
cium nitrate, and aluminum nitrate. The results 
are given in table 2. 


b. Extraction From Sulfate Solutions 


Experiments were made to determine the recov- 
erability of phosphate, silica, and arsenic from solu- 
tions containing 5 g each of ammonium sulfate, so- 
dium sulfate, potassium sulfate, and aluminum sul- 


fate. The results are given in table 3. 


TABLE 2 Separation and determination of phosphate, silicate, 

and arsenate from solutions containing 5 a of nitrate salts 

Phosphate Silicate Arsenats 

Salt 
Added Re Added Re Added R 
covered covered covered 

ud ud ud “ wd uo 
NHNO Ww 10 to il 10 q 
NaNO 10 11 Ww LD 10 1 
KNO 10 9 10 11 10 12 
Ba(NO 10 12 10 7) 10 4 
Cat(Nno 10 7) tp i! 10 ’ 
ALNO “ILO 10 12 10 10 10 10 

TAB! E 3 Separation and determination of phosphate, silicate 

and arsenale from solutions containing j gy oF various 
fates 

rt phat Silieat Ar t 

“il 
Add I Added I Ad | I 
red 

P m v rm Me 
NH SO Ww 7 10 Ww TD 1 
Naso Ww 1 10 12 Ww lf 
Kos 10 iD 12 if i] 
AbcsoO Isto iv } Ww Ww ; 


It is seen that whereas the recovery of sthea and 
of arsenic was satisfactory, only one-third to one- 
half of the added phosphate was recovered. [t was 
found, however, that by operating in a less acid 
solution than that originally specified, extraction 


and recovery of phosphate could be accomplished 
from the solutions containmeg 5 @& of sulfates De- 
pending on the particular sulfate, from SO to S6 


percent of the original volume of hvdrochlorie acid 
sufficed 

To remove the silica complex, the acidity of the 
solution Was Increased to a concentration of (2-9), 
which was the concentration originally specified for 
the extraction of siltea To extract the 
acidity was then reduced by the addition of silica- 
free ammonium hydroxide to that found experi- 
mentally suitable for the extraction of phosphate 
The results, given in table 4, show that phosphate, 
silica, and arsenic can be separated from one another 
ana completely recovered mn the presence of 5 & of 
various sulfate salts 


arsenite, 














TABLE 4. Recovery of 10 wg each of phosphate, silicate, and 


arsenate added to solutions containing 5 g of various sulfates 
hy the modified method 


Phosphate Silicate Arsenate 
Salt 
Concen-| PO«sre- Concen- SiO, re- Concen- As re- 
trated | covered | trated | covered trated | covered 
HC] HC! NH,OH 
ml wd ml ud ml wd 
NT ge8 Oy, s.0 Il 12.0 11 12.0 i) 
NaS O, 6 10 11.4 11 11.4 Ss 
KoeSOy x0 10 12.0 11 12.0 11 
Al(SO, 
ISTLLO S.5 11 115 11 11.45 4 


c. Extraction From Chloride Solutions 


Experiments were made to determine the recover- 
ability of phosphate, silica, and arsenic from solu- 
tions containing 5 g¢ each of ammonium chloride, 
sodium chloride, potassium chloride, barium chloride, 
calcium chloride, and aluminum chloride. The 
operat ing conditions were those specified in section 3. 
The results are given in table 5. 


Taste 5. Separation and determination of phosphate, silicate, 
and arsenate added to solutions containing 5 ga of various 


chlor ide s 


Phosphats Silicate Arsenats 
‘ae 
Added Re Added Re- Added Re 
covered covered covered 

“ Me! ud a ue MM 

NERC Ww ” Ww 12 Ww ‘ 
Na] Ww ; 10 11 Ww ll 
KC] lv ; 10 uv 10 12 
BaCl,21h0 Ww ri 10 Il 10 11 
Cal 211.0 10) ri 10 10 Ww 11 
AICLo1LDO lw l Ww 10 10 1 


The results show that the phosphate was not com- 
pletely recovered. However, the amount of phos- 
phate remaining in solution did not seriously inter- 
fere in the determination of either silica or arsenic. 

Attempts were then made to modify the original 
procedure in the manner similar to that followed for 
solutions containing 5 ¢ of sulfate salts. That is, the 
acidity at which the phosphate could) be quanti- 
tatively extracted was established experimentally. 
This acidity was found to be lower than that for the 
sulfate salts. To extract the silica the acidity was 
increased to (2+9), the original coneentration 
specified for the extraction of moly bdosilicate. 
Finally, to extract the arsenic the acidity was again 
lowered to. that required to extract the molybdo- 
phosphate, as determined experimentally fora 
partic ‘ular chloride — salt. Complete recovery of 
phosphate and of silica was obtained, but not of 
arsenic. These results are given in table 6. 

Even when an amount of nitrie acid, 7.5 ml, was 
substituted for the 10 ml hvdrochloric acid, the 
recovery of arsenic remained incomplete. 


| Taste 6. Separation and determination of 10 yg each of 


phos phate, silicate, and arsenate added to solutions containing 
5 gq of various chlorides by the modified method 


Phosphate Silicate Arsenate 
Salt 
Concen- Concen Concen 
trated PO re- trated SiO»: re trated As re 
HC} covered HC] covered | NH,OH covered 
added vided vided 
ml wd ml wo ml wd 
NHC) 10 ll 16.0 1! 10 
NaCl 7.0 12 13.0 ll 10.0 5 
KCl 5.5 11 14.5 10 10.0 6 
BaCly- 21.0 8.0 12 12.0 11 10.0 i) 
CaCl 21,0 8.5 11 15 i) 10.0 7 
AIC], 61,0 7.0 12 13.0 10 10.0 F 


The determination of all three elements in ques- 
tion when 5 ¢g of a chloride salt is present requires 
two procedures. One procedure, that by which the 
results reported in table 5 were obtained, is to de- 
termine the silica and arsenic. The other procedure, 
that by which the results reported in table 6 were 
obtained, is to determine the phosphate and. silica. 
It should be noted that silica may be determined by 
either method. 

It should be emphasized that the separation and 
determination of the silica appeared to be complete 
regardless of the salt’ concentration, provided the 
moly bdosilicate complex was extracted with butanol 
from a solution that contained 2 volumes of concen- 
trated hydrochloric acid plus 9 volumes of solution. 


5. Discussion of Results 


The procedure described in section 3 is suitable 
for the quantitative separation of small amounts of 
phosphate, silica, and arsenic from one another and 
for their subsequent determination when they occur 
in solutions containing as much as 1 ¢ in 100 ml of 
solution of either a chloride, nitrate, sulfate, or per- 
chlorate. 

If the quantity of salt is increased to 2 g, complete 
separation and recovery is effected except in the case 
of a chloride salt. 

In the presence of 5 g of either a sulfate or chloride 
salt, the extraction of phosphate is incomplete. By 
lowering the acidity at which the phosphate is ex- 
tracted, then establishing the acidity originally speci- 
fied for the extraction of silica, and finally, to extract 
the arsenic, reestablishing the acidity found suitable 
for the gps of the phosphate, the three sub- 
stances in question can be quantitatively separated 
from one ag 9 even in the presence of 5 g of a 
sulfate salt. By following a similar procedure in the 
case of 5 ¢ of a chloride salt, phosphate and. silica 
can be successfully extracted and determined, but 
not the arsenic. It becomes necessary, in the case 
of 5 g of a chloride salt, to determine phosphate and 


= 


silica in one solution and silica and arsenic in another. 


WasHincron, February 2, 1959. 
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Heat of Formation of Potassium Calcium Silicate 


Edwin S. Newman 


The heats of solution of 2CaO-SiO, (e, ¢ 


), CaSO, (c, anhydrite), 


KoSO, (ec, IL) and six 


members of a series of substitutional solid solutions of K,O in dicalcium silicate were deter- 
mined in a nitrie-hydrofluorie acid mixture by means of an isothermal-jacket calorimeter 


From these 


K,O.23Ca0.-128i0, (¢) was calculated to be 


1. Introduction 


As part of a continuing investigation of the thermo- 
chemical properties of substances occurring in hy- 
draulic cements and their reaction products, the heat 
of formation of K,O0-.23CaQ0-.12Si0., abbreviated 
KC33°2,' has been determined. No prior thermo- 
chemical data for this compound have been found. 

Measurements were made at 25° C of —AUH, the 
heat evolved in the reaction 


K,.0.23Ca0.-125i0, (c) 
12(2CaO-Sif (ce, B) 


+ CaSO, (c, anhydrite)—- 
KOSO,(e, ID. (1) 


This reaction occurs spontaneously at high tempera- 
ture [1],° where, however, the high-temperature 
form of CaSO, is present and liquid K,SO, is formed. 
The value of — AH was obtained by measuring the 
heats of solution of these four substances in a mix- 
ture of nitric and hydrofluoric acid solutions. The 
heat of formation of KC.,S,. at 25° C was caleulated 
from the heat of the reaction and the heats of forma- 
tion of the other three substances taken from the 
literature. 


2. Materials, Apparatus, and Procedure 


Analytical reagents were used in all preparations. 
Dicalcium silicate, C,S, was made by the repeated 
heating at 1,450° C and dusting * of a mixture of 
low-alkali CaCO, and. silicie acid. This material 
was stablized in the beta form by the addition of about 
0.5 percent of BLO, as H,BO, and further heating 
and grinding. The final product was ground rapidly 
to pass a No. 100 sieve and stored in a desiccator over 
magnesium perchlorate and Asearite. 

Potassium sulfate was ground to pass a No. 100 
sieve and heated overnight at 220° C. Precipitated 
gypsum Was heated overnight at 1,000° C to convert 
it to anhydrite. Both of these materials were also 
stored in the desiccator until tested. 


a 


Che customatr ibbreviations C for CaO, K for KoO, and 8 for SiO» will be 


used 
? Figures in brackets indicate the literature references at the end of this paper 
In the absence tabilizers, the beta form of C.S inverts to the gamma form at 
room temperature Che 10-percent increase in volume accompanying this in- 
version results in the disintegration or ‘“‘dusting’’ of the particles into a fine 
powder W hen stabilizer is added, this dusting does not occur, and grinding 

is necessary to obtain a powdered material 


data and heats of formation taken from the literature, the heat of formation of 
6,420 kilocalories per mole at 25° C 


The potassium-containing compound in portland 
cement clinker, identified by Taylor [2] as KAC,,5)., 
is now believed to be a solid solution [3] in which KO 
is partially substituted for the CaO in dicalcium 
silicate. To prepare a series of such solid solutions, 
six mixtures of CaCQs, silicic acid, and a glass of the 
composition K,O-4S8iO, were heated repeatedly at 
1,450° C with intervening grinding. ‘These mixtures 
were prepared with various amounts of K,O, the 
molar ratio of (CaO+ K,.O)/SiO, being maintained at 
24/12 (table 1). When microscopical examination 
indicated that each of these preparations consisted 
of a single phase, they were rapidly ground to pass a 
No. 100 sieve and stored in the desiccator until their 
heats of solution had been determined. ‘The samples 
were analyzed by the conventional methods for port- 
land cement [4], except that in the determination of 
SiO, in the dicaleium silicate sample, boron was 
removed by repeated evaporation with methyl 
aleohol. 

The calorimeter and details of its operations have 
been described previously [5, 6,7], but a number of 
minor changes have been made. The heater now 
consists of a 90-ohm coil of No. 32 double-silk insu- 
lated alloy wire in a platinum tube about %» in. in 
diameter and 5 in. long. A 4-blade platinum pro- 
peller-type stirrer is used in a platinum stirring tube, 
and the reaction vessel and its cover have been lined 
with sheet platinum. The heater current, from a 
bank of storage batteries, is controlled by means of 
one blade of a 50-amp double-pole double-throw 
spring toggle switch. Current from a dry cell 
through the other blade of the switch actuates one 
pen of a 3-pen tape chronograph. A second pen 
inseribes a standard seconds signal on the tape which 
travels at about 1 em/see. The maximum timing 
error probably does not exceed 0.03 sec in 10 min, or 
| part in 20,000. When the switch is in the off 
position, the heater current is stabilized by discharge 
through an external resistor. The heater current 
and voltage, about 0.2 amp and IS v, respectively, 
are measured by means of a high-precision poten- 
tiometer, a standard 1l-ohm resistor, and a volt box. 
These resistors have been calibrated from time to 
time by the Electrical Division of the Bureau. 
Temperature rises are measured with a platinum 
resistance thermometer, a Mueller G-1 bridge, and 
a high-sersitivity galvanometer with an optical lever 
ofaboutSm. The apparatus is located ina constant- 
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TABLE 1. Analyses of preparations 
= > 
Sample 
B-Cos \ B Cc » E I (i* 
SiO 34.42 34.54 4.56 34. 62 44. 34 34.72 34.84 33. 99 
ROO 0.10 0). 2S 0, 26 0. 30 0.12 0. 32 0.18 
CaO 65.01 64. 42 64.16 63. 32 f2. 46 SY. 34 60), 66 (1.14 
Meo 2 
Kol) 047 0.48 1.69 > OA H5 30 116 
Nao On OS 068 06 ou Os 
Potal re) V4 76 U4. 06 a9. 99 a9. 93 100. 12 100. O68 uo 99 
Ke kk Is 18 25 +4 3H 35 57 
Molar proportions 
Cad 24.27 23. W7 23. Sb 23. 51 23. 35 21. 0 22. 38 23. 12 
Koo 0 104 0. 206 0.373 0. 657 1. 245 0. 044 0, 436 
sid) 1 Oo | a 12.00 12, 00 12.00 12.00 1 OO 12.00 
kK.0O+4C80 °4 O7 24 O7 23. SS 4 (4 23. 20 23. 32 23. OF 
Th imple prepared from KoCO,, Caco ind wid 
temperature room operated at 25.0+0.5° © during that the predissolving of 0.7000 ¢ of CLS (or 0.7129 ¢ 


calorimetric measurements. Temperature readings 
are taken at 2-min intervals during the rating periods 
and at l-min intervals during the rapid-rise portion 
of the experimental period, with integration of the 
time-temperature curve by application of the trape- 
zoidal rule to the recorded values The errors intro- 
duced in the corrected temperature rise by the 
departure of this caleulated curve from the true 
indicated time-temperature curve (obtained oceca- 
sionally by means of the chronograph) are in part 
compensating and are negligible in comparison with 
the total error. 

In the heat-of-solution determinations, the mate- 
rials were dissolved in 600.0 ¢ of a mixture of 11 ml 
of 48-percent HF with 587 ¢ of 2.000 No HNOk. 
The weights of the calorimeter samples were calcu- 
lated according to the stoichiometry of eq (1), based 
ona sample weight of C,S of 0.7000 ¢. This quantity 
dissolved in 600.0 ¢ of acid solution gave the same 
sample ratio as the €.49 ¢ of CLS dissolved in 420 ¢ 
of solution, found by Brunauer, Kantro, and Weise 
{S| to give clear solutions and regular values for the 
heat of solution. The caleulated sample weights 
were 0.7129, 0.0461, and 0.0590 ¢ for KC.S,., eal- 
cium sulfate, and potassium sulfate respectively. 

In order to make certain that the final calorimeter 
solutions for the reactants and for the products of 
(1) were identical, both of the reactants were 
dissolved consecutively in the same solution, the 
silicate being dissolved first. The same procedure 
was followed for the products, using a fresh calorim- 
eter charge. Because of the very small heat effects 
caused by the small samples of CaSO, and K.SO,, 
the calorimeter was heated to approximately the 
temperature (25.17° ©) before 
samples were dissolved, in order to keep the rate of 
temperature change of the calorimeter as small as 
possible during the rating periods. The precision 
of these measurements with small samples was low, 
l-mm deflection the galvanometer scale 
corresponded to about 0.04 eal, or about 20 percent 
the smallest effect measured. It was thought 


eq 


convergence these 


since on 


of KC,,S,.), corresponding to about 0.008 mole of 
CaO and 0.004 mol of SiO,, might have no detectable 
effect on the heats of solution of the sulfates, since 
the calorimeter charge consisted of 0.30 mole of HF, 
1.10 mole of HNO,, and 29.10 mole of H,O. The use 
of larger samples would result in better precision, 
although some account might have to be taken of 
the change of heat of solution with change of sample 
size. The heats of solution of larger samples, of 
several sizes, of CaSO, and K.SO, in the nitric- 
hvdrofluoric acid mixture were therefore determined 
without previously dissolving the silicates. 

The use of standard substances for the calibration 
of calorimeters is desirable, since thereby the time- 
temperature curves during calibration and during 
use are similar. Such a standard substance for the 
calibration of heat-of-solution calorimeters using the 
nitric-hvdrofluoric werd mixture [4, 9] is heat-treated 
zine oxide of analytical reagent quality. For this 
purpose the zine oxide is heated at 950° © for L hr 
and ground to pass a No. 100 sieve. A’ weighed 
sample is reheated for 5 min before use and cooled in 
The heat of solution of this zine oxide 
This value, however, 


a desiccator. 
at 25° C is 256.6 eal g |4, 9]. 
was determined for a ratio of zine oxide to acid mix- 
ture of 7/425, and the resulting temperature rise is 
about 4.5° CC. As a useful means of future calibra- 
tion of such calorimeters for smaller temperature 
rises, and as a check on the present work, the heat of 
solution of the standard zine oxide was determined 
using samples of 1.56 and 0.20 ¢ in 600.0 ¢ of nitrie- 
hvdrofluorie acid mixture in the electrically cali- 
brated calorimeter. The corresponding temperature 
rises were about 0.7 and 0.09° ©, respectively 


3. Experimental Results 


The compositions of the samples as determined by 
analysis are given in table 1. It will be seen that 
from 18 to 36 percent of the KLO added was lost by 
volatilization during the preparation of the samples, 
the percentage loss increasing with increase of KLO 
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content. Allowance for the expected loss was made 
when the samples were proportioned. Six of the 
completed preparations had ratios of (CaOQ+K,O) 
SiO, from 23.88/12 to 24.27/12. The heats of solu- 
tion of these six samples were used in determining the 
calculated heats of solution of CLS and KC,,S).. 

The results of the electrical calibrations and the 
heat-of-solution measurements are given in tables 2, 
3, 4, and 5. The negative sign before values in 
these tables indicates that the heat of solution was 
endothermic. The heats of solution of the eight 
silicate preparations (table 5) are plotted in figure 1 


solution 


of CLS 


as 


564.0 + 2. 


‘al/g, and the value 


taken from figure 2, p. 774 of the paper by Brunauer, 


Kantro, and Weise [8] is about 565 


‘al i . 


These 


values are essentially the same as that obtained for 
(.S in the present work, 


Calorimeter charge, 11 m of 48 percent HF solution and 587 ¢ 


TABLE 


Electrical calibrations 


Total weight 600.0 g 


Heat of solution of zine oxide at 


2 Calibration experiments 


as a function of the percentage of K,O in the samples. . ' 
ome _ . . . _ - rempera Electrical Sample Heat of Sample 
The heats of solution of samples E and F, somewhat ture rise energy weight | solution — weight 
= - - a ) 4 . . P oy « ‘ quivalent 
deficient in cations, with (C+ K)/S ratios of 23.20/12 = ; 
and 23.32/12, respectively, were less than expected 
“ > . Ohms cal Ohm « gd cali¢ 7 
from the values of the other samples. A second- 0. 06957, AT 1. 5619 256), 82 0. 2014 
ene es . . . e ae 6 06937 STAT 1. 5653 256. 88 A232 
power curve was drawn through the data of figure 1 onoea, ated : sear ~~ oe 
by the method of least squares, omitting the data for = 4 
: . rin ° ‘ . OOu2 Ts 7H ; 
Ko and F. The average experimental heats of solu- (i937 5757.4 
tion of CLS and sample G, which was close to KC,,S,. 
in composition, were 564.8+0.19 and 569.3 + 0.50 Average Y 5757.7 256. 91 
a ~ rm . s.D 0. OS 0.06 
cal g, respectively (see table 5). The heats of solu- ra O17 023 
tion of CLS and KC,,S,. calculated from the equation 
of the curve, 565.11 and 568.86 eal o, respectively, 1 cal=4.184 abs j , 
. ~“— . ° bdP/dT=0.1010 Phe energy equivalent is therefore 581.5 cals 
were used to determine —AH of reaction 1. : = 
5 : y : » sp stundard deviation of the average yl= 2 ny 
Brunauer, Haves, and Hass [10] gave the heat of | Cas@lclent of variation = 168X8.D./(averna 
TABLE 3 Heat of solution of CaSO, (anhydrite: in 600.0 ¢ of nitrie-hydrofluoric acid at 25° C 
11 ml of 48°) HF and 587 ¢ of 2.000 N HNO 
Sample Heat of Sampl Heat of Sample Heat of Sample Heat of 
veight solution weight solution weight solution weight solution 
( cal ( cal 0g calia q calle 
2.0175 4.31 0. 50Ul 1.21) 0.1014 1. 60 0.0494 41.2 
4230) 4.344 1059 5. 22 O40 2.9 
1 0450 130 O4u 154 1100 5 0 O47 iS 
1. O12Y 114 SOS 106 LOZ 4.42 0485 2.0 
1 O17 4.24 Saag 1 1046 1.19 0444 7.1 
1 oo4 $13 “TY 1 5s Ww73 5 4s 
1. OSS 117 Sat) 1 JS 1024 5.09 
WS 117 Average 4.25 
SOUS 1. sD 0.40 
7 ee $21 \ 21 
Five l-g samples dissolved consecutively in a single calorimeter charge 
Pen 1/2-¢ samples dissolved consecutively in a single calorimeter charge 
Seven 0 l-g samples dissolved consecutively in a single calorimeter charg 
0.71 ¢ of K2O-28CaO.-128i02 predissolved for each determination 
TABLE 4 Heat of solution of Ix sO) ec, li in 600.0 a of nitric-hydrotluorie acid at 24° C,. 
i ’ / / 
1! | 1s Hit id S87 g of 2.000 N HNO 
Sampl Heat Samplk Heat o Samplk Heat of Sampk Heat of 
we t olut vi t lution weight olutiot weight solution 
a at alse d cal 
=. OOS 13. fit Oo. 1076 4.80 0. 1038 44. tit 0. 06804 Ww 
1. 026 13.65 1s 4.2% 1016 13.05 Th) il 
» SOY Ho 1w7u 44-4 10as 11.0" Ons il 
11¥2S mu OA5TS i) 2 
1073 ear i O55 44.4 
O00 7] 
Ave Mo 04 i + 
=D “14 0. 4s 0, 2 
V, ' “43 | o.5u 
“ ZCaO-SiOs | di ed j 
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of 2.000 N HNO 


Cc 
' 

Heat of | 

solution 


cal/q 
256.8 
4 
5 3 


tote 


0. 4s 
1¥ 








TABI I He: ‘ olution at a5 ee of! 2CaO-SiO ‘ Db 
11 ml of 48°, IF and 5 
B—2CaO-Si0 \ 
Sample Heat of Sample Ih 
veight solution weight olution 
) ul ¢ ( al 
oO. 7001 55.3 0. 731 yi, 2 
7O1LS yw. 1 701 7.0 
7OSO Y4 4 7071 ¥ ; 
Tul Yiu 7110 5. 4 
TOS1 “40 TO wih. t 
(ny “4.9 
Huo 6 
702 Wd. 4 
Average YS yn 2 
=p) 0.19 0.28 
\ oo44 oO. 044 
1) I 
0.7406 Hs. 34 0. 7O0u 7. 1 
7407 ‘ “ 7TU30 iM. 7 
4475 Ys. 4 7SAS 5.1 
7440 Vis. 7 TUS iM. 1 
mw 570. 2 7423 ity 
7433 Hs TOM) “7.3 
7442 ia 4 7042 Os 
A vernuge Hs. 4 ti. 4 
=p) 0.60 0.38 
VY. 0.11 0. OO7 
Weighed in platinum crucible, heated 3 hr at 1.050 
+}. 
Q 
- 
| I I kh | He if 0 solution of potass 4-COT CLD ra £0 j 


solution 


The heat of solution of ¢ ‘asQ, (table 3) does not 
seem to be significantly affeeted by sample size or 
by the presence of predissolved KC,.S Hlowever, 
the average value —4.25 + 0.90 eal/g obtained using 
the 0.049-¢ samples was used in calculation. The 
standard deviation was large, as was expected for 
small sumples, but the average Value is about the 
same as determined for larger samples without pre- 
dissolving the silicate. The experimental values are 
substantially different than the caleulated [11 
heat of solution of CaSO, in water to form CaSQ,, 
LOODOOHLO (0.045 & CaSO,600 ¢ HO 30.1 


eal/g, or the value caleulated by Brunauer et. al. 


and Ix O_( 


a) SiO solid solut AU) a oft nitriceh ydrofluo ic acid 


ons wt 


Tv of 2.000 NINO 


B ( 

Sample Heat Sample Heat 

weight utior weight olutiolr 

calia eal 
( 131 OSs 0. 7231 ws 3 
7 JM Vy } 7300) 7. 3 
121 WTS 4227 with 4 
10 Shs. 2 7216 wy 4 
718 HS. 7217 8.3 
7Z1S Ys. 7 
TJU5 wu 1 
56S. 1 ys 
(). 25 uo. 40 
o.044 ooo 
I Gi 

0.7714 568.0 0.7143 4s. 0 
77m S68. 2 7164¥ wis 4 
THSO “7. 4 715s WoO 
TH71 WY 7125 “HS 
THOS “7.4 7TUST HS. 5 
THOS SS 7410 570.3 
TH72 8. 1 7468 Ou. 4 
7407 72.6 
7401 570. 1 
Wl wy 2 
Vs 3 “wu OS 

O26 oO 

oow OOS 

led in a de eator, and reweighed before introductior 


(10) for the heat of solution in’ nitrie-hydrofluoric 
acid, +-31.2 cal/g {10}. 

The endothermic heat of solution of K.SO, seemed 
to increase slightly with decrease in sample size 
table 4). The presence of predissolved C3 also 
seemed to have a slight effect which a f-test [12 
showed to be significant at the o-pereent level (com- 
paring the two sets of measurements made with 0.1 
¢ samples, f= 2.65, tea, =—2.447). For the calculation 
of —AH of reaction 1, the value 12.6 + 0.25 eal/e¢ 
obtained with 0.06-¢ samples was used for the heat 
of solution of potassium sulfate. The calculated 
value of the heat of solution of K.SO, in water to 
form K.SO,. 1000000 H.O (0.058 ¢ K.SO, 600 & 
H.O) is —32.9 eal/g [11]. 

The standard value of 256.6 eal ph for the heat of 
solution of zine oxide in the nitric-hydrofluoric acid 
mixture at 25°C [4,9] was obtained as the result of 
made with the present calorimeter (using a 
shorter galvanometer-seale distance) [13] combined 
with the measurements of Stenzel and Morris [14] at 
30°C. The values 257.0 + 0.48 and 256.91 OW 
calle given in table 2 for ZnO solution 
0.2600 and 1.58 600, respectively, agree well with 
the standard value for which the caleulated ratio ts 
9.88 600. These three values of the heat of solution 
of zine oxide lie very the line y 

23.5 2, where y is the heat of solution of zine oxide 


tests 


ratios of 


> ) awe 


close to 204.0 
in calories per gram, and g¢ is the zine-oxide per solu 
tion weight Values from this 
equation can safely be used to calibrate the calorim 


ratio. caleulated 


eter for temperature rises smaller than the 4.5° for 


which the standard value is given 
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4. Heats of Formation 


The heat of reaction (AH) of eq (1) at 25° C is 
calculated 1.4 keal, using the heats 
of solution given in section 3 and the 1952 atomic 
weights [15]. The heats of formation of 2CaQO. 
SiO,(¢,8), CaSO, (ce, anhydrite), and K.SO,(e,1 
are 538.0, 342.42, and 342.66 keal/ mole 
respectively, at 25° © [11]. The heat of formation 
of KLO-23CaO-12Si0.(¢), therefore, is 6420 keal 
mole. 


to be 36.3 -4 


5. Summary 


The heats of solution of 2CaO-SiQ,(¢,8), CaSO,(c), 
KOoSO,g(e,), and KLO-.23CaO-12SiO.(¢) were deter- 
mined in a mixture of 2.000 N nitric acid and 48- 
percent: hydrofluoric acid in an isothermal-jacket 


calorimeter. From these and other data in the 
literature, the heat of formation of K,O.23Ca0.- 
12810.(c) from the elements was calculated to be 


6420 keal mole at 25° C 


WasHInGron, January 6, 1959. 


| 
\7 | 
|S] 
{| 


[10] 
[11] 
[12] 
[13] 


[14] 
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Heat of Formation of Boron Trichloride 
Walter H. Johnson, Richard G. Miller,! and Edward J. Prosen 


The heat of formation of gaseous boron trichloride has been determined by the direct 
reaction of gaseous chlorine with amorphous boron in a calorimeter. 


B(amorph) + 3/2 Cl.(gas) 


AHf°(25° C) 407.98 


1.34 kj mole | 


BC}; (gas) 


97.51 +0.32 keal/mole). 


By utilizing the values previously reported for the heats of formation of boric acid, dibor- 
ane, and pentaborane, the heat of hydrolysis of boron trichloride and the heats of reac- 


tion of diborane and pentaborane with chlorine have been obtained. 


By the use of an 


estimated value for the heat of sublimation of boron, the average bond energy of the 


B-—Cl bond in boron trichloride is found to be 105.2 keal at 0 


K. The data on the heats 


of formation of diborane, boric oxide, boric acid, and boron trichloride now form a con- 


sistent set of values. 


1. Introduction 


The heat of formation of boron trichloride has 
long been uncertain because of the fact that caleu- 
lation of it has been dependent upon uncertain values 
of the heat of formation of boric oxide or boric acid. 
Since new values have been determined for the heat 
of formation of boric oxide through the heat of de- 
composition of diborane [1]? and the heat of reac- 
tion of diborane with water [2], it seemed desirable 
to make a direct determination of the heat of for- 
mation of boron trichloride. This latter value, 
when combined with the heat of hydrolysis of boron 
trichloride and with auxiliary data, vields an inde- 
pendent value for the heat of formation of boric 
oxide. The consistency in the values thus obtained 
is very strong evidence for the accuracy of the heats 
of formation of borie oxide, boric acid, diborane, and 
boron trichloride. 

An accurate value for the heat of formation of 
BCl; provides useful information regarding the en- 
ergy of the B-Cl bond and permits the calculation of 
the heat of reaction of boron hydrides with chlorine. 


2. Method 


The substitution method of calorimetry was used, 
‘the quantity of electrical energy required to produce 
a certain rise in the temperature of the calorimeter 
system was determined in one series of experiments. 
In a second series the temperature rise was dupli- 
cated, but a substantial part of the energy Was 
derived from a precisely measured quantity of the 
chemical reaction. The calorimeter system was 
identical in both series except for the reacting chem- 
icals. By this method the energy liberated by the 
chemical reaction is obtained directly in terms of 
electrical energy. . 
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3. Materials and Apparatus 


The boron was prepared by the thermal decompo- 
sition of diborane by passing diborane diluted with 
helium through a quartz tube heated to 600° © [1]. 
The amorphous boron was removed from the tube, 
placed in a tantalum combustion boat, and heated 
for 1 hr at about 700° C at a pressure of less than 
1<10-° mm of mereury. Spectrochemical examina- 
tion of the boron by the Spectrochemistry Section 
of the Bureau showed only negligible traces of metal 
impurities. The effect of a small amount of hydrogen 
remaining in the boron was calculated to be less than 
the estimated uncertainty of the measurements. 

The chlorine, obtained from the Matheson Com- 
pany, was about 99 percent pure; the chief impurity 
was 0.9 percent of carbon dioxide. It was dried by 
passing over phosphorus pentoxide. The helium was 
purified by heating it to 600° C in a copper-oxide 
furnace and directing it successively through Asearite, 
anhydrous magnesium perchlorate, and phosphorus 
pentoxide. 

A section of the calorimetric vessel is shown in 
figure 1. It consisted of a quartz tube .1 closed at 
the bottom and fitted with a manganin heating coil 
B surrounded by a silver shield C and a vacuum 
jacket J. The boron sample was placed in the 
quartz crucible /, and the chlorine introduced 
through the quartz tube F. The exit gases passed 
through the glass helix G, in which they were cooled 
to calorimeter temperature. 

The calorimeter was of the isothermal jacket type 
described in a previous paper {2]. Calorimeter tem- 
peratures were measured by means of a platinum 
resistance thermometer in conjunction with a G—2 
Mueller bridge and a galvanometer of high sensi- 
tivitv. Readings on the galvanometer scale were 
made to the nearest 0.5 mm which was equivalent to 
50 udeg C. The electrical energy was obtained from 
a 120-v storage battery from which no other current 
was drawn during these experiments. The quantity 
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of electrical energy Was determined from the elec 
trical current through the heating coil, the potential 
drop across the coil and the time of passage of the 
current. The current and potential measurements 
were obtained from the potential drop across appro- 
priate standard resistors included in the power circuit 
The potentials were measured with a Wenner poten 
tiometer which was balanced against a thermostated 
Weston standard cell [3]. Timing of the experiments 
wis accomplished by reference to the standard 
second signals produced at the Bureau. ALL equip- 
ment was calibrated in the Bureau laboratories 


4. Procedure 


\ sample, 0.25 to 0.50 g, of the finely divided 
amorphous boron was pressed into a pellet, placed 
In the weighed quartz crucible, and the apparatus 
assembled. A constant stream of helium was passed 
through the system during the entire experiment. 
\fter the initial rating period, during which temper- 
atures were observed at regular intervals, the vessel 
was heated electrically to about 400° C and the 
chlorine introduced. 


The reaction started ana pro 
ceeded smoothly. 


When the desired calorimeter 
temperature was reached the electric current wes 
interrupted, the chlorine bypassed, and the system 
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allowed to come to equilibrium. Temperatures were 
then observed at regular intervals during a final 
rating period. 

The rates of flow of the helium and chlorine were 
determined with capillary flowmeters. The temper- 
atures of the chlorine and helium were teken as the 
mean room temperatures during the time of flow. 
The flow rates and temperatures of the chlorine and 
helium were required only for making the small heat 
capacity correction. The amount of chemical reac- 
tion was determined from the difference between the 
mass of boron sample and that of the residue remain- 
ing in the crucible at the end of the experiment 

The system was calibrated in the same manner 
except for the omission of the boron and chlorine. 
In each case the quantity of electrical energy was 
carefully measured and the initial and final tempera- 
tures of the calorimeter were reproduced 2s closely 
as possible. 


5. Results 


The results of the electrical calibration experiments 
are given in table 1.) E is the electrical energy 
added to the svstem., ARe is the temperature rise 
corrected for heat leakage and heat of stirring and 
expressed in ohms increase in resistance of the 
platinum resistance thermometer as measured on 
the resistance bridge. K. is the energes equivalent 
of the calorimeter expressed in joules olim. 


| ABLE | Res ilis of the electrical calibration ¢ r pe ments 
Experiment number AR k I 
ohr hi 
l O Vselor GOSS. 4 226 
IStMIOT V161.3 2AWSTH 
$ 2S447s SSI 4 AWTS 
} 287584 W354 WS 21 
Nleat WOO 
standa 1 it ie i 4 
This value includes a correction of 4.0 ohm be use of a change in the 
metric syster 


The results of the calorimetric reaction experi- 
ments are given in table 2 where ARe ts the corrected 
temperature rise of the calorimeter system, q, the 
product of FE, and ARe, is the total heat absorbed 
by the system, KE is the electrical energs added, Qe 
is the correction for the heat capacities of the re- 


TABLI 2 Results of the calorimetric reaction ¢ periments 
E\ periment \Re j I 1 B \ll 
um 1 2A° ¢ 
Ohm ] nole 
! 0. 287323 WI08. 2 WI1T2.7 “4 OO 26876 107. S68 
2 302077 62534. 1 wi1IG 0 2s 34 1M, H5 
PULLS HOLS. ¢ 7444 0 ; $716 wie 24 
1 {50 tie y4 4045.5 ~ PSA) $7 SS 
Nk j " 
stu tial “Vy ! ( 


=; 
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actants and products in converting to the isothermal 
process at 25° C, and —AHf is the heat evolved by 
the chemical reaction at 25° C. 

The mean value for the heat of reaction as given 
in table 2 was converted to keal/mole, using 10 82 
for the atomic weight of boron and 4.1840 j as the 
equivalent of 1 cal. A correction of 0.02 keal/mole 
was applied to convert the gases to their thermody- 
namie standard states. The following heat of 
reaction was obtained: 

B(amorph) + 3/2 Cl.(gas) = BC], (gas), (1) 
407.982 
97.513 


AH sce 1.34 kj mole, 


0.32 keal/mole. 


The uncertainty has beer taken as twice the standard 
deviation of the mean of the experimental values 
combined with reasonable estimates of all known 
sources of error. 


6. Derived Data 


By the use of the heat of transition of crystalline 
to amorphous boron as 0.4 keal/mole (estimated [4]), 
we obtain for the heat of formation of boron trichlor- 
ide from crystalline boron: 


~ 


Bieryst) +3/2 Cl, (gas) =BCl, (gas), (2) 


AH S.. 106.31 
97.11 


1.34 kj/mole, 
a keal/mole. 


By the combination of (1) and (2) with the heat of 
vaporization of boron trichloride (5.6 + 0.1 keal/mole 
[4]) there is obtained for the liquid: 

3/2 Cl (gas) 


B(amorph BCI, (liquid), — (3) 


AHS,. £31.41 + 1.42 kj/mole, 
103.11 + 0.34 keal/mole, and 
Bicryst 3/2 CL (gas) = BCI, (liq), (4 
AHS. 129.74 + 1 42 kj/mole, 
102.71 + 0.34 keal/ mole. 


by combination of the value obtained for eq (1 
with the values recently reported from our laboratory 
for the ry of decomposition of diborane (AH 

6.73 + 0.52 keal/mole Up. its heat of reaction with 

water AH 111.46+0.54 keal/mole [2]), and with 
the heat of formation of aqueous hydrochloric acid 
(HCLIO00HLO; AHF —-39.808 + 0.010 — keal/mole 
[6]), we obtain for the heats of hydrolysis of boron 
trichloride: 


BCI, (gas) +4003 HO (liq) 
HO] (soln) +3 [HCI-4 


[H.BO, + 1000 
1000 H,O} (soln), (5) 


AH sce 1s 310.79 + 1.84 kj/mole, 
74.28 + 0.44 keal/mole, and 


BCI, liq) +4003 H,O(liq) 
HO} (soln) +3 [HCI- 


[H,BO,+ 1000 
1000 HO] (soln), (6 


AH x95 15 =—287.36 4 
68.68 4 


1.84 kj mole, 
0.44 keal mole. 


By combining the value recently obtained for the 
heats of decomposition of diborane and pentaborane 
[1] with the value from the present investigation and 
the heat of formation of gaseous hydrogen chloride 
[6], we obtain for the heats of reaction of diborane 
and pentaborane with chlorine: 


BH, (gas) +6Cl, (gas) =2BCI, (gas) + 6HCI (gas), (7 


AH see 15 I, 398.00 + 2.89 kj/mole, 
334.13 +-0.69 keal/mole, and 
B-.H, (gas) +-12 Cl, (gas) =5BCI, (gas) +9 HCI 
(gas), (S 


2925.08 + 3.43 
699.11 


AH sos a5 kj/mole, 


-O.82 keal/mole. 


Ve have combined the value given for eq (2) with 
the following values for H°sog 3; — H§ in keal/mole: 


BCI, (gas) 3.362 [7] 
B(cryst) 0.290 [7] 
Cl, (gas) 2.194 |S] 


and have obtained —96.89 keal/mole for the heat of 
formation of BCI, (gas) at 0° Kk. 

The heat of sublimation of boron has been caleu- 
lated from vapor pressure data [9] to be 133 +4 
keal/mole at 0° K. If the heat of dissociation of Cl, 
(gas) is taken as 57.08 kcal/mole [8], these data give 
for the reaction: 


B (gas) +3Cl (gas) = BCI, (gas), 9 
AH 9 $15.51 keal/mole, 


from which the average bond energy is calculated to 
be 105.2 keal. 


7. Prior Investigations 


In the following treatment of the previously re- 
ported data, several corrections have been applied to 
reduce the data to a comparable basis. The data for 
the hydrolysis reaction (eq 6) have been converted 
to 25° C with an estimated temperature coefficient 
of —150 cal/deg mole. The heats of formation of 
HCl and H,BO, in the resulting solution have been 
taken as those of the aqueous acids of the same con- 
centration [6]; this assumes that the heat of mixing 
of these acids is negligible at high dilutions [10, 11, 
12}. For ease in comparison, the tabulated heats of 
hydrolysis have been corrected to final concentra- 
tions of H,BO,-1000HL.O and HCl-10C0H.O. — All 
values are based on the 1956 International Atomic 


Weights [13]. 
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Troost and Hautefeuille [14] passed chlorine over 
amorphous boron and hydrolyzed the resulting BC). 
Ina separate experiment they hvdroly zed liquid BC 
to a solution of the same final composition (H,BO,- 
SHCI-900H.O). For the first reaction they report as 
the mean of six experiments: AH 183.2 keal mole 
BC l,; for the second, AH 79.2 keal/mole. No de- 
tails are given by Troost and Hautefeuille as to the 
temperature at which they carried out their experi- 
ments, however they used the same mercury calorim- 
eter as Favre and Silberman [15] and apparently used 
the same conditions. Favre and Silberman also do 
not specify their working temperatures but there are 
‘some indications in their papers that it was about 
> a} We have assumed this to be the case; thus, 
Hautefeuille 


the values obtained by Troost and 
corrected to the specified conditions give AH 183.7 
keal mole for the formation reaction and AH 80.0 


keal mole for the hvdrolvsis reaction. The standard 
heats of formation of BC], (based on crystalline boron 
calculated from these data are 
91.4 


as the standard state 

103.3 keal mole for the direct combination and 
keal mole for the bydrolysis method. 

Considerable doubt has been cast upon these data 
from the observations by Berthelot {16| and Thomsen 
(17) that Favre and Silberman obtained values for 
the heats of neutralization of hydrochloric, hydro- 
bromic, hyvdriodic, and nitric acids by both potassium 
and sodium hydroxides that were much higher than 
the accepted values, although exhibiting reasonable 
concordance among themselves. This suggests that 
there was some systematic error, probably in their 
calibration An examination of their data [15 
for these, as well as for other reactions indicates that 
the reported values should be reduced by about 
1) percent If Troost and Hautefeuille used the 
same calorimetric system with the same calibration, 
which they imply, then the same correction should be 
applied to their data. This would reduce the value 
for the heat of formation of BCL, (liq) obtained 
from the combination of the two reactions to 91.9 
keal mole. The heat of hydrolysis then becomes 

71.2 keal mole, which leads to 100.2 keal mole 
for the heat of formation of liquid BCL, This cor- 
rection is admittedly only approximate and the 
values so obtained are quite uncertain 

There is no information regarding the purity of the 
amorphous boron used by Troost and Hautefeuille: 
however, the boron available at that time was un- 
doubtedly quite impure. On the other hand, reason 
ably pure BCL, could be prepared; for this reason 
their data for the hydrolysis reaction should be more 
reliable than that which they obtained from the 
direct combination 

Berthelot | 16) obtained 
heat of hydrolysis of liquid BCL, at 10° Cl. When 
corrected for temperature and concentration the 
heat of hydrolysis becomes — 68.6 keal/ mole, whicl 
gIVeS 103.2 keal/mole for the heat of formation 
of liqguid BC | 

Laubengaver and Sears [IS] studied the 
In an tee calorimeter and reported 
final concentrations. Both 


65.8 keal mole for the 


Sare 
reaction at OF C 
two values for different 


values, when corrected for temperature and concen- 
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69.3 keal/ mole for the heat of hydroly- 
keal/mole for the heat of formation 


tration, give 
sis and 102.1 
of liquid BCI. 

Kapustinskii and Samoiloy [19| have 
the heat of solution and hydrolysis of gaseous BCI, 
at 25° CC. Their data give —90.7 keal/mole for the 
heat of formation of BCI, (gas). 

Skinner and Smith {20} determined 
hvdrolvsis of liquid BC, at 25° C to be 
mole, which gives 102.2 keal/mole for 
of formation. 

Lacher, Seruby, and Park {21| measured the heat 
of reaction for the gas-phase chlorination of diborane, 
to vield BCL, and HCl at about 80° C. We have 
corrected this value to 25° C and obtained for the 
reaction: 

6CL (gas) 


measured 


the heat of 
69.2 keal 


the heat 


BH, (gas) = 2BCI1,(gas) + 6HC (gas), 
AH 342.9 heal mole. 
This leads to 101.5 keal mole for the heat of for- 
mation of BC] 
The values for the heats of hydrolysis and the 
corresponding standard heats of formation of liquid 
BCl, are summarized in table 3. The erystalline 
form of boron at 25° C has been taken as the standard 
reference state. Values reported for the heat of 
formation of BCl,(gas) have been converted to 
correspond to the liqguid using 5.6 keal/mole [5| 
for the heat of vaporization. It is apparent that 
the agreement among the results of Berthelot, 
Laubengaver and Sears, Skinner and Smith, and 


(Was). 


the present investigation is good 


TABLE 3 Hleats of h ydrolysis and formation of Re quid 

Investigator \H hydrol AH 

Troost and Hautefeuille {14 al mole } 
Direet revetion en 103.4% 
Hiy lrolysis 41.4 
Direct reaction, corrected 414 
Hydrolysis, corrected 71.2 100. 2 
Berthelot [16 2 103. 2 
Laubengaver and Sears (1S Hu.3 we. 
Kapustinskii and Simoilov [19 | OH 
Skinner and Smith [20 Hu. 2 we. 2 
Lacher, Seruby, and Pork [21 107.1 
We > 


Prosent investigation 2. 3 


8. Discussion 


Most of the thermochemistry of the boron com- 
pounds involves the heat of formation of borie oxide 
or of borie acid); a reliable value for this constant 
is therefore quite important. As we have stated 
previously [2], values reported for the heat of forma- 
tion of boric oxide range from 280 to 370 keal 
mole Most of these values were obtained by the 
combustion of amorphous boron in an oxvgen bomb 
calorimeter; the difficulties and unreliability of such 
experiments have been exnalyzed {2 Nathan [22 
obtained 306-3 keal mole for the complete 
combustion of boron in an oxvgen bomb calorimeter. 
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Important Notice 


Beginning in July 1959, the Journal of Research will be published in four 
separate sections which may be subseribed for individually. This change is being 
made to provide a publication whose subject matter concentrates on particular 
fields of interest, thus meeting the specialized needs of individual scientists. engi- 
neers, and mathematicians. 

Section A. Physics and Chemistry, to be issued bimonthly. will present 
papers of interest primarily to scientists working in these fields. This seetion will 
cover a broad range of physical and chemical research. with major emphasis on 
standards of physical measurement. fundamental constants. and properties of 
matter. 

Section B. Mathematics and Mathematical Physies, to be issued quar- 
terly. will present results in pure and applied mathematies, including mathematical 
statistics, theory of experiment design. numerical analysis. and short numerical 
tables: theoretical physics, chemistry. and engineering. where the emphasis is on 
the mathematical content or methodology: and logical design, programing. and 
applications of electronic computers and computer systems. 

Section C, Engineering and Instrumentation, to be issued quarterly, 
will report results of interest chiefly to the engineer or applied scientist. This sec- 
tion will include many of the new developments in instrumentation resulting from 
the Bureau’s work in physical measurement, data processing. and the development 
of test methods. It will also cover some of the work in acoustics. applied me- 
chanics, building research, and cryogenic engineering. 

Section D. Radio Propagation, to be issued bimonthly. will report research 
in radio propagation, communications, and upper atmospheric physies. “Topics to 
be covered include propagation in ionized media, seattering by turbulence. the 
effeet of irregular terrain on propagation. diffraction and seattering by solid 


obstacles, propagation through time-varving media. and antennas. 
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All present subscribers to the Journal will receive an announcement from the 
Superintendent of Documents when advance orders for the new sections can be 
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